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. ABSTRACT 
Despite the advantages that composites have over monolithic materials, their use has 
been restricted by some deficiencies in their properties. The goal of this study was to 
overcome deficiencies of unidirectional glass fibre epoxy resin composites by coating 
the fibres with a "tailored" interlayer. 
Polyimide-silica hybrids, also known as ceramers, based on hydrolysed tetraethoxysilane 
and a polyamic acid solution mixture were used to coat glass fibres for epoxy 
composites. The silica part of these hybrids appears to be present either as dispersed 
discrete particles or as continuous nanosized domains trapped within the polyimide 
matrix. The structure of hybrids determines the final properties. In this study both types 
of morphologies for the interlayers were utilised to obtain different mechanical, thermal 
and thermomechanical properties. 
A preliminary investigation was carried out on the coating of the glass plates with 
ceramer solutions to produce a simple model for the actual composites. The interfacial 
shear strength values obtained for the model composites were found to depend on the 
ceramer composition and coating curing conditions. The adhesion of the ceramers to 
glass and to epoxy matrix was improved with the use of an aminosilane coupling agent. 
Relatively uniform coatings were obtained on glass fibres. Composites were 
manufactured at two coating levels, and both mechanical and thermomechanical tests 
were carried out to evaluate their properties. The interlaminar shear strength (ILSS) 
tests showed that the particulate type ceramer interlayers enhance the strength of 
composites if the coating thickness is kept very small. With thick interlayers, on the 
other hand, insufficient wetting of individual filaments produces voids and brings about 
deterioration in properties. Flexural strength test results were parallel to ILSS. 
Composites with eo-continuous type ceramer interlayers were found to exhibit lower 
thermal expansion and a significant retention of interlaminar shear properties at elevated 
temperatures even for low coating levels. A large increase in dynamic modulus was 
observed above the T8 of the composite. 
Key words: Composite Interfaces, Fibre Coatings, Polyimide, Ceramers, Interlaminar 
Strength, Elevated Temperatures, Shear Stiffness, Thermal Expansion. 
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CHAPTER I 
INTRODUCTION 
1.1. Fibre Reinforced Composite Materials. 
A composite material is obtained by the combination of two or more materials, a 
reinforcing phase and a matrix, to obtain specific characteristics and properties. The 
components do not dissolve into each other and the separate components can be physically 
identified. The properties of the resultant composite are superior .• and possibly unique in 
some specific respects, to the properties of the individual components. 
The reinforcement of a low modulus matrix with high strength, high modulus fibres utilises 
the deformation of the matrix under stress to transfer the load to the fibre. The result of 
this is a high strength, high modulus composite. The mechanical and physical properties of 
the composites are clearly governed by their constituent properties and by the 
microstructural arrangements. Each of these individual phases has to perform certain 
essential functional requirements based on their mechanical properties so that a system 
containing them may perform satisfactorily as a composite. 
The idea of combining quite different materials to combine, and even to improve upon, the 
sum of their individual properties is, by no means, new in conception. Indeed, nature has 
already provided us with numerous composite materials such as bamboo, bone and stone. 
This method of strengthening materials has been used by human beings since very early 
times in the fabrication of bricks from mud and straw. 
One of the main advantages of composite materials compared with conventional materials 
is the possibility of "tailoring/ fine tuning" their properties to meet the desirable properties 
of the component parts. The points of special concern are the realisation of high specific 
stiffness and specific strength under both static and dynamic loading, and other 
improvements in related properties, such as appropriate levels of thermal expansion, 
damping capacity, environmental stability; all at minimum weight and reasonable cost. 
Mechanical performance or overall properties of fibre reinforced composite materials are 
influenced by a number of factors which are given below1' 2: 
a) MechanicaV physical properties of the fibre and matrix; 
b) Fibre diameter; 
c) Fibre volume fraction of the composite; 
d) Fibre orientation within the matrix; 
e) Fibre length and fibre length distribution; 
f) Fibre matrix interface/ interphase adhesion; 
g) Voids within the matrix or at the interphases. 
Although all the above factors are important in a composite, the interface/ interphase is 
probably the most important. The mechanical properties, chemistry and morphology of the 
fibre-matrix interfacial region are vital parameters in determining the overall performance 
of fibre reinforced composites. 
The interfacial mechanical parameters such as the interfacial-shear strength, the interfacial-
frictional stress, the interfacial coefficient of friction and the shrinkage stress of the matrix 
on the fibre are important since they affect the strength and toughness of the composite3 
Stress transfer from matrix to the reinforcing fibres occurs at interfaces. Final mechanical 
performance of composite materials depends on the capability of the fibre-matrix interface 
to transfer the stresses from the matrix to the fibre. The level of this stress transfer is 
strongly related to the magnitude of the physico-chemical interactions, and therefore to the 
bond between the fibre and the matrix. 
2 
It is at the interface where stress concentrations arise because of the differences in the 
mechanical and thermal properties of matrix and reinforcement. The magnitude of stress 
concentrations is a function of the level of mismatch and rate at which the modulus 
changes across the interface. As a result of these localised stress intensifications crack 
initiation and eventual material failure will inevitably take place. If the possible presence of 
localized high stress zone is minimised, the material can be subjected to higher loading 
before global failure occurs4• Consequently improvements in performance of composites 
rest on the possibility to alleviate these stress intensifications without adversely affecting 
stiffness and strength. 
Probably the best way to alleviate the problem is to mimic natural composites such as 
wood and animal structures wherein transition regions are found between the stiff and 
flexible elements in the systems1. Natural composites have developed to fulfil! many 
mechanical functions, ranging from those permitting only small displacements, e.g. wood 
or bone, to tissues which have developed mechanisms for reorienting fibres and which can 
safely resist strains of approaching I 00 %. 
The primary objective of this study stems from the above consideration and to achieve the 
required effects by means of gradient modulus interlayers at the fibre-matrix interface. 
These interlayers are based on organic-inorganic hybrid materials, also known as ceramers. 
l.2.Giass Fibre Reinforced Composites. 
Modem reinforced plastic composites really date from the introduction of inorganic fibres 
at the end of world war II. During the war there was considerable interest in developing 
composite materials and the first application was probably for radomes (dome-like 
structures) to house radar scanners6. In these structures glass fibres were successfully 
employed together with polyester matrices. After the war glass fibre reinforced plastics 
gained wider acceptance in many areas such as furniture, cars, boats and civil engineering 
applications. 
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Subsequent years, along with glass fibre reinforced plastic composites, highly specialised 
fibre reinforced plastic composites, mainly for aerospace applications, known as "High 
Performance Composites" or "Advanced Composite Materials" emerged7• 
In order to produce glass fibres several different compositions of mineral glasses have 
been used. The major constituent of most commercial inorganic glasses is silica (Si02). 
Silica can incorporate almost every chemical element. For instance, sodium ions or 
calcium ions would fit into interstices within the random network and are known as 
secondary ions or "network modifiers". The most common are oxides of calcium, boron, 
sodium, iron and aluminium. The final structure of glass can be visualised as a three 
dimensional amorphous polymer. Table 1.1 shows compositions of three types of glass8 
Continuous filament glass fibres are produced by melting a mixture of the above 
mentioned inorganic oxides in a tank which feeds the molten glass through a series of 
small orifices. The molten glass flows under gravity and fine glass fibres are drawn 
mechanically downwards. Just after solidification the fibres are covered with a thin layer of 
coating material (known as "size") which gives protection against humidity, allows 
clustering into a strand, eases the handling of fibres and provides better bonding with the 
matrix during later stages of application. 
Table 1.1 Compositions of three types of glass. 
E glass C glass S glass 
SiOz . 52.4 64.4 64.4 
Ah03 Fe203 14.4 4.1 25.0 
CaO 17.2 13.4 ......... 
M gO 4.6 3.3 10.3 
Na20, K20 0.8 9.6 0.3 
B203 10.6 4.7 
----
BaO ---- 0.9 ........ 
4 
L__ _____________________________ ----
"S" glass is a high modulus, high tensile strength and temperature resistant glass. It is 
more expensive than "E" glass and used in critical areas, such as aerospace, where 
improved performance justifies the cost. "E" glass is the most widely used glass since it 
has good strength, modulus, electrical properties and exceptional resistance to water 
attack. "C" glass has good resistance to acid attack but has lower strength properties than 
"E" glass9• The properties of these glass fibres are given in table 1.210. The values in this 
table refer to fibres in virgin state i.e. as they are when freshly drawn. 
The main drawback of glass fibres, compared with other more advanced fibres, is the low 
value of the elasticity modulus which prevents composites of high specific stiffness from 
being obtained. This is shown in figure t. 111 • 
Table 1.2 Properties of glass fibres. 
Properties E glass S glass C glass 
Specific gravity (g/cm3) 2.54 2.49 2.49 
Virgin tensile strength. 350 465 280 
at R.T.Jkp/mm2) 
Young's modulus at R.T. (kp/mm") 7350 8650 7000 
Elongation at rupture (%) 4.7 5.3 4.0 
Both thermosetting and thermoplastic polymers are used as matrix materials in reinforced 
composite materials, however the matrix materials most widely used in the reinforced 
plastics industry are the thermosetting variety. This means that the processing and 
fabrication operations are accompanied by chemical crosslinking. Although processing 
involving crosslinking is more complicated than thermoplastic processing, it is still 
dominant in the production of reinforced plastics since crosslinked structure has superior 
physical and thermomechanical properties over thermoplastics. Chemical crosslinking 
leads to the formation of a tightly bound three dimensional network of polymer chains. In 
turn this usually results in an isotropic and brittle structure. The most popular 
thermosetting polymers are the thermosetting polyesters. These are cheap and are 
5 
generally employed in the production of large structures such as boats, storage tanks and 
pipes. 
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Figure 1.1 Comparison of specific strength and stiffness characteristics of various 
structural materials. 
However in demanding applications requiring high performance composites, epoxy 
polymers are preferred to polyesters. They are expensive but have superior mechanical 
6 
properties and provide good interfacial bond between matrix and fibre, together with 
lower curing shrinkage and lower thermal expansion. 
In recent years polypropylene, which is a thermoplastic polymer, has become very popular 
matrix material especially for the short fibre reinforced composites12. High performance 
thermoplastic polymer matrices such as PEEK, polyphenylenesulfide, and nylon 66 are 
currently considered to be an attractive alternative to conventional thermoset polymers13 . 
Tensile strength, tensile modulus, elongation at break, coefficient of thermal expansion 
and glass transition temperature are important matrix resin properties which appear to 
affect the interfacial properties of composite materials14• 
1.3. Toughness Enhancement of Composite Materials. 
In addition to strength and stiffness another important property of a composite material is 
its toughness. Toughness is a measure of the energy absorbed during the fracture process 
and, in a sense, is the resistance to fracture. When such fracture is inevitable, it is 
imperative that as much dissipative work be associated with it as possible to give rise to 
tough and energy absorbing structures. As widely recognised, very strong and stiff 
reinforcing fibres, together with the low failure strain of thermosetting matrix resins, are 
unfavourable in obtaining high toughness. Consequently, a large part of the research in 
composite materials is devoted to the improvement of toughness behaviour. 
As already mentioned, interfacial properties are determining factors in the overall 
performance of composite materials. Depending on whether favourable composite 
strength or composite toughness is required, a stiff interphase would provide the highest 
ultimate composite strength whereas a ductile interphase would promote composite 
toughness. In other words, strong bond at the interface gives rise to increased strength and 
stiffness whilst reducing toughness. Therefore the chief goal of materials scientist is to 
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produce tougher composites without much sacrificing the specific strength and specific 
stiffness. 
Tough and damage tolerant composites are important in reducing component weight. This 
is specially useful for aircraft design since fuel costs will be considerably reduced as a 
result. 
According to the current damage tolerance philosophy a structure should support lifetime 
loads in a damaged condition up to that at which "barely visible" impact damage is 
detectable. Owing to these requirements the design allowable ultimate strain is limited to 
about 0.4 %. Improvements in the damage tolerance performance of composites will 
warrant the use of higher allowable design strains of 0.5-0.6 %, inevitably leading to 
further weight savings15 • 
In many critical engineering applications impact loads from normal service conditions or 
sudden, unexpected impact loads due to extraordinary circumstances such as accidents can 
be very harmful. Hence a key requirement of composite materials is to sustain compressive 
loadings in the presence of impact induced damage under various environments at low 
and/or elevated temperatures without undergoing failure. In other words composite 
materials must be able to absorb/ tolerate impact loadings under a variety of different 
conditions. 
The possession of a sufficiently high fracture energy absorption capability is a critical 
design criterion in damage tolerant fibre composites16• Consequently, the brittleness 
problem must be overcome by devising some sort of energy absorbing mechanism within 
the composite. To improve energy absorbing capabilities of composite materials several 
methods have been tried so far. These can be classified under following headings: 
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A ) Modifications of Fibres: In these considerations widely known sizes or coupling 
agents used on glass or carbon fibres are excluded. 
1. The use of hybrid fibres: These are combinations of fibres, particularly carbon/ glass, 
carbon/ aramids, and carbon/ UHMWPE gel fibres. This method is known as hybridisation 
because of the use of the low and high modulus fibres in the same matrixn Although the 
toughness is increased by this modification, the tensile stiffness properties decrease 
because a lower modulus fibre is being used to replace one of a higher modulus. 
2. The use of "duplex" fibres: These fibres consist of sheath and core reinforcing 
elements. The method relies on a strong bond between sheath and matrix and friction 
between core and sheath. The sheath is to be strongly bonded to the matrix to ensure good 
flexural and tensile properties and the core is frictionally bonded to the sheath and made to 
decouple progressively while the load it carries increases. The core never fractures and it 
bridges the crack faces as the matrix fails whereas the sheath resists the transverse crack 
propagation and cause the core to pull oue8. Although this idea is attractive, the 
preparation of such "duplex" fibres appears to be rather difficult for this concept to be 
practical. 
3. Coating fibres, either completely or intermittently, by a relatively soft (and 
ductile) interlayer: Coating is an efficient approach to the problem of toughness 
enhancement. This relies on suitably modifYing the mechanical properties of the interfaces 
between the fibre and matrix. The fibres are coated with a carefully selected organic 
polymer which forms a flexible interlayer between fibre and matrix. This flexible interlayer 
can mitigate impact energy by deformation and reduce the stress intensifications in 
interfacial region, where it is highest, thereby improving composite toughness19. In the 
intermittently coated fibres concept, the special coating process produces alternate regions 
along the filaments of high and low interfacial stresses, and low and high interfacial 
toughnesses. Coated regions are weakly bonded so that propagating cracks can be 
blunted. On the other hand strongly bonded uncoated regions serves to retain the full 
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strength of the composite20• Since the complete coating of fibres is the part of this 
research, complete coating of fibres will be reviewed in the next chapter. 
4. Introducing modulus gradients at the interface: The presence of a high modulus 
interface/ interphase has been postulated as a mechanism for improved stress transfer 
across the matrix-reinforcement interfaces21• 22. The level of stress intensification depends 
on the change in Young's modulus across the interfacial region, being greater for a greater· 
modulus change. There is a possibility that using material with a much higher Young's 
modulus may control brittle failure by reducing stress intensifications. Piggot23 suggested 
that interphases be developed which have Young's moduli intermediate between that of 
the fibre and the matrix material. 
By the utilisation of a range of "densif)'ing" additives the modulus of cured epoxy and 
polyimide resins was increased by 40 %24 The epoxy additive is the reaction product of 4-
hydroxyacetanilide (HAA) and vinylcyclohexene dioxide (VCD), while the polyimide 
additive is the reaction product of epoxyphenoxypropane (EPP) and HAA. These 
additives increase the modulus of cured resin formulations through a decrease in the free 
volume of the crosslinked network. The shear strength and tensile strength of these 
polymers were both increased by means of such additives. Since it was demonstrated that 
it is possible to produce an interphase with a modulus exceeding that of the bulk polymer, 
it is claimed that the resultant materials offer the potential for constructing modulus 
gradients at interfaces through their use as primers. 
The best condition from the view point of stress concentration is to have a modulus 
gradient between the reinforcement and matrix rather than a sudden jump. In order to 
accommodate continuously the big difference in modulus between reinforcement and 
matrix, the modulus gradient interphase concept has been developed. This is an interphase 
comprising an array of successive coaxial cylinders, filling the area between fibre and 
matrix, each having a different elastic modulus in a stepwise variation with the radius. In 
this way, a smooth transition from the high modulus fibre to the low modulus matrix is 
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achieved. This results in a more efficient stress transfer mechanism2s. A similar approach 
will be applied in this study to test the high modulus interphase concept by using ceramer 
interlayers, which have intermediate modulus values between fibres and matrix. 
B ) Modifications of the Matrix: Most epoxies are brittle and show poor resistance to 
flaw growth and to interlaminar damage. Impact loading results in substantial splitting and 
delamination in first generation epoxy materials. The amount of damage is determined by 
the inability of the composite to sustain shear deformation due to the brittleness of the 
resins. With the following modifications it is possible to significantly increase bulk resin 
performance. The effect in a composite, however, is largely suppressed in the very small 
volume of resin which lies between fibres. 
1. Matrix toughening: This is generally achieved with small elastomeric particles 
incorporated into the matrix, which stop the propagating cracks. By adding a liquid rubber 
forming oligomer (eg carboxy terminated butadiene nitrile) to the uncured neat epoxy, a 
phase separation occurs during cure. The cured modified epoxy resin comprises finely 
dispersed rubber rich domains(~ 0.1-SJ.!m) chemically bonded to the epoxy matrix. These 
particles essentially act as energy absorbers, offering a mechanism for toughness 
enhancement. The degree of toughening is a function of the particle size, volume fraction 
and size distribution of the dispersed phase. The bond between the epoxy matrix and 
modifiying particles is very important for toughening. In the absence of sufficient 
adhesion, the energy of a propagating crack can tear a rubber particle from the matrix and 
the crack will effectively bypass the particle26'27 . 
Reducing the crosslinking density of thermosetting polymers is another way of increasing 
toughness28. These type of polymers are known as lightly cross-linked thermosets. 
By these methods, however, while the toughness is improved the strength at elevated 
temperature is decreased and water uptake increased. This means that there is a limited 
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amount of shear deformation which is available before the hot/ wet property reduction 
trade off becomes significant. 
2. Replacing thermosetting matrices with thermoplastic matrices: The availability of 
high-performance, tougher thermoplastic polymers (eg PEEK polyetheretherketone) has 
made possible the use ofthennoplastics as matrix materials29• Thermoplastic matrices give 
an order of magnitude increase in interlaminar toughness compared to existing epoxy resin 
composites30• The main drawback, however, for these materials is their relatively low 
maximum permissible service temperature. 
3. Using "interpenetrating network" matrices: Improved toughness and easy 
processing make interpenetrating network (IPN) resins attractive candidates as matrix 
materials31 . One objective of the IPN approach is to combine the low viscosity of 
thermosetting resins with the toughness of thermoplastic polymers (known as semi-IPNs), 
as opposed to rubber modified thermosets, where only a small amount of rubber 
component can be combined to toughen the matrix without deteriorating other properties. 
A wide range of compositions is available in the production of IPNs or semi-IPNs with 
balanced mechanical properties This type of resins is also known as thermoplastic-
modified thermosets. 
C) Modifications of laminates: Even with the improved and modified matrix materials, 
as described above, the amount of shear deformation is limited. Thus further improvement 
relies on the modification of laminates. This can be achieved by promoting interlaminar 
delamination or splitting such as by weakening the interlaminar bond strength. Inhibiting 
the delamination is another way of increasing energy absorption of a composite during 
fracture. These techniques are as follows: 
1. Utilising deiamination promoters: The delamination plays a key role in the fracture 
toughness of composite materials. In this concept the aim is to reduce the adhesion 
between prepregs. This is achieved by introducing various films (organic or metallic) 
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between prepregs. This results in weakening the bonding between prepregs leading to the 
multiple delamination or splitting which is a process involving a greater energy 
absorption32• The compression strength, however, is reduced in this system. 
2. Utilising perforated delamination promoters: This is a slight variation of the above 
technique and is also known as "intermittent interlaminar bonding". In this method 
perforated films produced from different materials (paper, aluminium, polyamide, 
polyester) are placed between prepregs. The holes in films allow the flow of matrix 
between laminae. In these regions shear stresses are strongly transferred discouraging the 
delamination. This assists in maintaining original interlaminar shear strength and stiffness 
of composite. On the other hand, remaining film areas act as weak interfaces leading to 
interlaminar cracking. This results in crack front bifurcation and subcrack propagation 
along the laminar interface. Thus fhcture toughness is greatly improved without loss of 
strength33• The compression strength is not affected as bad as in the delamination 
promoted systems. 
3, Utilising interleaves of high toughness as delamination inhibitors: A discrete layer 
of very high toughness , very high shear strain resin is placed between standard prepregs 
containing 60 vol % fibre. The interleaving materials eo-cure with the matrix resin and 
have the flow control to remain as a discrete layer throughout the entire process. The 
interleaved composites have a superior behaviour in compression after impact compared 
to the non-interleaved system using the same basic matrix resin. Since the thin discrete 
layers are constrained, they function as a suppressant against initial impact damage. 
In spite of the softening of the interleaf, the hot/ wet compression properties of the 
interleaved composites remain good. This is due to the discrete nature of the interleave 
after cure and also there is no softening of the resin matrix on the fibres34 Owing to the 
low stiffness and strength of the tough resin layer, additional plies are required to maintain 
design properties. This results in a weight penalty for the interleaved system. 
13 
4. Utilising selective toughening component as a delamination inhibitor: In this 
technique a tough interlayer, e.g. rubber toughened epoxy adhesive, is applied with a view 
to reducing stress concentrations at critical locations such as free edges, holes, joints, 
stepped areas and flaws which are potential sites for premature composite failure. At these 
locations, due to the geometrical and material discontinuities, singular three-dimensional 
interlaminar tensile stresses develop under in-plane loading. Accordingly a tough discrete 
layer with a high strain to failure will impede flaw initiation and propagation due to the an 
increase in delamination resistance3s. This toughening mechanism is also known as 
softening strip method. 
Although it is not as big as in the interleaved system, there is also a weight penalty for 
selectively toughened systems. As the name implies the toughening effect is a local one 
and does not enhance the overall impact strength of the composite. 
1.4. Aims of the Project. 
As already mentioned one of the main deficiencies of composite materials is the lack of 
adequate toughness for critical applications. When a composite is loaded under normal 
service conditions there is widespread microscopic damage throughout the body. Larger 
damages can be sustained to a critical value at which failure occurs by the propagation of 
cracks. 
In the past many attempts have been made to enhance toughness of composites, as 
summarised in previous pages. In general these approaches have been more or less 
successful but stress concentrations at the interface, caused by different mechanical and 
thermal properties of constituents of composites, are still a major problem. 
The primary aim of this study is to reduce stress concentrations at the interface by coating 
the fibres with a material with the required characteristics. Most of previous workers have 
used rubbery or soft/ ductile low strength polymeric interlayers as energy absorbing 
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material. Although these coating systems give rise to large improvements in toughness, the 
flexural and tensile properties of composites are deteriorated due to the low shear 
modulus of rubber and thermoplastic materials. In a recent study ultra-high molecular 
weight polyethylene was employed due to its exceptionally high ductility and relatively 
high strength and modulus36• 
In this study, polyimide-silica hybrids (also known as ceramers or nanocomposites), based 
on hydrolysed tetraethoxysilane and a commercial polyamic acid solution mixture, have 
been chosen to produce strong intermediate layers giving rise to a modulus gradient. 
These are in fact nanocomposites employed as interlayers within a conventional system. 
The addition of the inorganic phase stiffens a glassy polymer in line with composite 
theor/7. The silica part of these hybrids can be present either as dispersed unjoined 
particles or as continuous nanosized domains trapped within the polyimide matrix. The 
morphological structure of hybrids determines the final properties. The change in modulus 
does depend on morphology in that a material formed with a continuous inorganic 
network is stiffer than one with a continuous organic phase and dispersed inorganic 
particles. There is much more marked increase in modulus above the glass transition 
temperature (rubber modulus) especially in the case of continuous inorganic network 
made up of nanosized particles38 • Morphology is affected by a number factors such as 
concentration, molecular weight of the host polymer and pH of solution. In this study both 
types of morphologies are considered as interlayers to produce different characteristics 
with respect to mechanical, thermal and thermomechanical properties. 
Since ceramers are high temperature resistant materials it is also expected that mechanical 
properties of composites at high temperatures will be improved by the application of heat 
resistant ceramer interlayers. 
Furthermore in composite materials, thermal stresses leading to microcracks originate both 
from inhomogeneous cooling and as a consequence of thermal mismatch owing to the 
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differences in CTEs between the reinforcement and matrix polymer. Ideally this thermal 
stress buildup should be minimised by minimising the differences in CTEs. This is not 
always practical since most reinforcements are inorganic materials with low CTEs. Despite 
the criticality of the interphase there has been very limited exploration of its sensitivity to 
thermal expansion. 
However, ceramers, depending upon their composition and morphological structure, have 
intermediate thermal expansion coefficient values (which is a prerequisite in todays many 
important applications/9 and when used as coatings on fibres are expected to result in 
dimensionally stable i.e. low expansion composites. A low CTE is desirable to minimize 
thermal distortions in structural applications due to cyclic temperature changes40. 
Relatively high Young's modulus and low coefficient of thermal expansion of ceramers 
promo_te thermal dimensional stability . 
. ,
A test programme for studying compression strength of ceramer interlayered composites 
was not within the scope of present work; however, it is suggested by a number of 
researchers41 '42 that a stiffer interphase yields improved compression strength. Since fibre 
microbuckling/ kink band formation controls the compressive strength, the support of 
fibres by matrix is the main variable. In the micro buckling process a local region of fibre 
begins to buckle over a critical length that is determined by the stiffness of the surrounding 
material and the degree to which the fibres are bonded to the surrounding matrix and 
interphase regions. 
If the local stiffness of the material is higher, and bond is strong, the critical microbuckling 
length becomes small, and the resulting strength of the composite is generally large. In 
general stiffer coatings appear to provide larger compression strength than do compliant 
coatings. By increasing the shear yield strength and shear modulus of the matrix one can 
increase the amount of compressive stress endured prior to collapse. Improvements in 
compressive strength of composite materials are expected to be achieved with the use of 
ceramer coatings. In this case, as interlayer remains in intimate contact with the fibre, this 
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interlayer should replace shear stiffi1ess and yield strength of the fibre's foundation i.e. 
matrix. 
Material properties which will affect the interphase response and overall composite 
mechanicaV thermomechanical behaviour characteristics include the elastic modulus, the 
thermal expansion coefficient and the glass transition temperature. Variations in 
composition of interlayer material lead to significant variations in values of above 
mentioned material properties. From the above considerations it may be said that the 
benefits of applying ceramer based interlayers are manifold and that ceramers hold a 
promising future in composite materials research field. The main objective of this study, 
therefore, is to investigate the link between the interphase/ interlayer material properties 
and the corresponding overall composite behaviour. In other words, the study has been 
aimed at exploring possible consequences an interlayer could have on the mechanical/ 
thermomechanical properties of composite materials. 
The general aims outlined above are to be satisfied through the achievement of the 
following specific objectives. 
i. To develop a simple test for the rapid evaluation of the mechanical properties of ceramer 
interlayers, 
ii. To achieve good adhesion of the ceramer interlayers towards glass fibre and epoxy 
matrix through the use of silane coupling agents, 
iii. To devise a method for the manufacture of unidirectional composites, consisting of 
ceramer coated glass fibres within an epoxy matrix and to evaluate their mechanical and 
thermomechanical properties. 
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CHAPTER2 
LITERATURE SURVEY 
2.1. Fibre Matrix Interface. 
An interface is a two-dimensional boundary separating distinct phases. In composites these 
can be fibre, matrix, interphase, and coatings. The interface that exists between fibre and 
matrix in the absence of interlayers is the heart of the composite. It is the role of the 
interface to transfer the stresses from the matrix to the fibres. Reliable stress transfer from 
matrix to the fibres is an important requirement for the integrity of composite materials. 
During the fabrication of a composite material it is essential to convert free fibre surfaces 
to well-wetted, force transmitting interfaces43 • The importance of the interface can be 
realised by a simple calculation to find the amount of interfacial area present in a typical 
laminate. For instance, taking a plate of unidirectional glass fibre composite, which is 1 cm 
square and 0.1 mm thick, containing 50 % of glass fibre by volume and assuming that the 
fibres are 10 microns in diameter, the composite will contain 6369 individual 1 cm long 
filaments. About eight hundred of them are placed along the width of the composite plate 
and there are eight layers through the thickness of the plate. Assuming square array of 
filaments (see Fig 2.1) with an inter fibre space is about 1.2 iJm then the interfacial area in 
this plate will be 20 square cm. The above calculated whole interfacial area must be 
sufficiently bonded if optimum performance is to be obtained. 
In many respects an interface is difficult to define and to study. Indeed it can not be 
regarded as a simple geometrical surface separating two homogeneous phases extending 
on either side of it. In the production of composite materials, the properties of the 
constituents themselves may be altered because of several factors such as chemical 
reaction between constituents, preferential surface absorption, voids and differential 
thermal effects. For this reason it is more meaningful to talk about the interphase between 
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constituents in the composite. It is said that in a composite the polymer matrix interacts 
with the filler surface and an interphase forms44• The interphase is a region in which the 
fibre and matrix phases are distinct and it is often the product of processing conditions 
involved in composite manufacture. 
1.2 j.U11 
Fibre 
O§ Inter fibre space 
Fig.2.1 Square array model of fibres with an interfibre space of 1.2 J.lm. 
The size of the interphase can vary with each system. It has been estimated to be anywhere 
between a few nanometers and a few micronmeters depending on the type of the matrix 
and reinforcement45• Although the interphase is rather thin, it actually constitutes a 
significant percentage of the matrix in a composite. Therefore, the structure and properties 
of the interphase have the capability to control many of the thermomechanical, chemical 
and electrical properties of the overall composite. Particularly the durability characteristics 
such as strength and fracture toughness are most likely to be affected. The different 
interphases are supposed to have different degrees of interactions with the polymer 
matrices. 
According to Scharpe46 the interphase is a region intermediate to two (usually solid) 
phases in contact, the composition and/ or structure and/ or properties of which may be 
variable across the region and which also may differ from the composition and/ or 
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structure and/ or properties of either of the two contacting phases. This region may be as 
little as I %of the total composite by weight47. 
It should be born in mind that the term "interface" is often used synonymously to the term 
"interphase". This usually introduces some confusion or ambiguity especially when the 
interfacial properties are under consideration. However, the words "interfacial region" 
may be used instead of the term " interphase " since interfacial region means the region in 
the vicinity of the interface. This region is still an area of often contradictory views. Figure 
2.2 is a schematic representation of an interphase illustrating some of the possible 
components48• 
thennal 
chemical 
mechanical 
environment 
INTERPHASE 
zone with different properties 
from bulk 
Fig.2.2 A schematic diagram showing a magnified view of a cross-section of the fibre-
matrix interface and all of its components. 
The formation of the interphase is not necessarily limited to the above mentioned 
potential outcome of composite processing._ Increasingly, the concept of "engineered/ 
tailored interphases" has attracted considerable attention49 . An engineered interphase can 
be formed in two ways. It may be the product of systematic treatment of the 
reinforcement's surface or purposeful introduction of a third phase between the 
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reinforcement and matrix. The motivating idea is to manipulate the interphase properties 
so as to optimise the macroscopic properties of composites that are aimed at for specific 
applications. 
The engineering of interphases introduces further complexity into the interfacial 
phenomena if interlayers are used in the form coatings. When coatings are used to modify 
the interphases, a layer of distinct material is placed at the interfacial region. As a result, 
two interphases forms in either side of the distinct interlayer instead of one interphase as is 
the case for conventional composites. 
Consider the previous example regarding composites interfaces i.e. a composite sample 
with a volume of 0.01 cubic centimeter and containing equal volumes of matrix and 
reinforcing fibres. In the above example, the interfibre space is 1.2 /.!m (in fact the distance 
between fibres for a high volume fraction is generally of the order of 2 1-lm or less) and 
therefore the allowable maximum interlayer thickness on the fibres is 0.6 /.!m. If we assume 
a 0.1 /.!m thick coating on the fibres, the amount of coating material will be 0.0002 cubic 
centimeter which is equivalent to 4 % by volume of matrix material. On the other hand, if 
the maximum thickness coating is employed, which is 0.6 /.!m thick, the volume occupied 
by the coating material will be 24 % of the matrix material. This is more than enough to 
significantly alter the material properties. These calculations clearly demonstrate the 
effectiveness of inter-phases/ layers in replacing a considerable percentage of the matrix 
phase. It is, therefore, conceivable that such interfacial layers are able to strongly affect the 
degree of the stress transfer between the matrix and the fibre when the composite is 
subjected to an external load. 
High performance composites generally have fibre contents around 60 % by volume and 
this may go up to 80 %. In such systems generally small-diameter fibres are employed and, 
therefore, the ratio of fibre surface area to matrix volume is extremely high. If the volumes 
of matrix and reinforcement are assumed to be constant in a composite system, then the 
main parameter to determine the ratio of fibre surface area to matrix volume is the fibre 
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diameter. Small diameter fibres result in higher ratio of fibre surface area to matrix 
volume. In other words, the smaller the fibre diameter the higher the ratio of fibre surface 
area to matrix volume. 
Accordingly from a geometric point of view alone, even small inter-phases/ layers can play 
an important role in determining composite final properties. 
2.2 The Importance of the Bond between Fibre and Matrix. 
The bond between a fibre and the surrounding matrix is very important for the mechanical 
behaviour of composites. In fact, both the transverse and longitudinal strength of a 
composite depend heavily on the strength of the fibre/ matrix bond. Because usually the 
reinforcements and matrixes are chemically different, strong bond at their interfaces is. 
necessary for an effective transfer of stress and load distribution throughout an interfacial 
region50• The interfacial strength will not only influence the ability to transfer stresses, but 
will also influence the initiation and propagation of cracks and delamination. When the 
composite is subjected to an external load, the efficiency with which stress can be 
transferred from the matrix to the fibres depends on the level of the fibre-matrix adhesion. 
To improve adhesion, various fibre surface treatments have been conducted. These surface 
treatments are often evaluated by measuring their effect on a composite property sensitive 
to the interfacial bond strength. For a given matrix, adhesion of the fibre to the resin is the 
dominant factor in the interlaminar shear strength of the composite51 . 
Strong interfacial bonding in brittle-matrix/ brittle-fibre composites can limit the energy 
absorption mechanisms of fibre debonding, post-debonding friction and pull-out during the 
fracture process, leading to catastrophic failure of the composite with cracks propagating 
right through the matrix and fibres. While a weak bond reduces many properties of 
composite materials. These include shear, off axis and compression strength m 
unidirectional composites and laminates, strength and modulus in short fibre composites, 
and also delamination and splitting resistance. Durability under wet environments and 
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under fatigue loading is also reduced in the presence of a weak bond. The only advantage 
of a weak bond is the resistance to crack propagation across the fibres which is achieved 
at the expense of shear strength52. Generally, imperfectly bonded composites exhibit 
higher damping capacity than well-bonded composites. In imperfectly bonded composite 
materials, relative motions in the microstructures offer additional mechanisms for energy 
dissipation53• 
In composite materials high interlaminar shear strength and high fracture toughness 
properties have long been considered mutually exclusive contradictory requirements. Due 
to these contradicting requirements, improvement in the fracture toughness of composites 
is normally accomplished by sacrificing the flexural and tensile properties through the 
control of the fibre-matrix interface. Hence an optimum bond is required to get 
satisfactory overall composite performance. A bond of intermediate strength leads to 
optimum composite performance between the aforementioned extreme conditions. 
Several theories explain adhesion fact, but none is universally relevant. Instead, particular 
examples are best described by one or more of the prevalent theories. These series of 
interconnecting mechanisms can be explained as follows (excluding secondary and Van 
der Waals forces which result in a relatively weak interaction between components)54•55 . 
i. Mechanical adhesion: Simple mechanical keying effects between two surfaces can give 
rise to a substantial bonding. Roughness at the interface increases the effect of mechanical 
or entanglement Interlocking of the two surfaces accordingly some form of adhesion 
occurs. The creation of such potential interlocking sites is thought to promote stronger 
bonding. Any contraction of the matrix onto the fibres would result in gripping of the 
fibres by the matrix. In the presence of good initial wetting, a matrix resin follows every 
detail of fibre surface i.e. the matrix resin is physically locked around the fibre. Since the 
glass fibre surface is relatively very smooth, the contribution of mechanical interlocking to 
bond strength will be very low. 
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ii. Interdiffusion: This theory suggests that adhesion of high polymers is due to the 
diffusion of long chain molecules or their individual segments into the substrate. 
Interdiffusion may arise in blends and in composites containing particles covered with a 
polymer layer. The amount of molecular entanglement and the number of molecules 
involved determine the bond strength. According to the interdiffusion theory a 
recommended glass finish would be a reactive silane attached to polymeric chain capable 
of mutual diffusion with the resin. 
·m. Electrostatic attraction: In the presence of electrostatic charge difference between 
the matrix and the fibres, attraction forces may contribute to the bonding at the interface. 
Although this is not a critical factor in adhesion, si!ane coupling agents may be oriented on 
the surface of glass fibres. 
iv. Chemical bonding: The formation of chemical bonding is due to the interaction of 
specific chemical groups present at the surface of fibre with groups within the matrix 
material. In the presence of a chemical reaction at the interface a strong bond is obtained. 
Chemical bonding between the matrix and the reinforcement is the most effective way to 
obtain a strong adhesion at the interface. Glass fibres treated with a coupling agent is a 
good example of chemical bonding at both interfaces. Covalent bonds couple the 
components strongly to each other. Chemical bonding gives the most stable form of 
interfacial adhesion. 
v. Adsorption and wetting : Adsorption and wetting are related to the surface energies 
of fibre and matrix. The surface free energy of solids is a quantity that determines most of 
the surface properties, in particular adsorption, wetting and adhesion abilities. This theory 
suggests that good adhesion may be obtained between a polymer and any surface of a 
higher critical surface tension. The polymer in its liquid state should have a contact angle 
with the surface as small as possible so as to obtain good spreading. Wetting is favoured 
by low interfacial free energy, high solid surface free energy and low liquid surface free 
energy. In other words, wetting can only occur if the surface energy of the wetting 
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substance is lower than that of the substrate. In a composite material obviously the surface 
energy of the fibre should be greater than the surface energy of the matrix. The surface 
energy of glass fibres is at least ten times greater than most thermosetting and 
thermoplastic resins (i.e.560 mJm-2 for virgin glass fibres, 35-45 mJm-2 for epoxy resins) 
accordingly, glass fibres are easily wetted by matrix materials but there is no direct 
correlation between easy wetting and resultant adhesion quality. In other words, initial 
good wetting may not result in sufficient strength. The perfect wettability of the fibres 
during composite manufacture will prevent any void formation at the interface leading to 
enhanced adhesion. 
In the case of thermoplastic matrices, the adsorption of the polymer onto the surfaces can 
be enhanced by annealing56 The annealing also improves crystallinity of the matrix in 
interfacial region which can further improve interphase penetration and accordingly 
improve the interface bond strength.· 
2.3. Treatment of Glass Fibres. 
The performance of glass fibre reinforced plastic composites is mainly determined by the 
retention of initial strength or in other words by the durability of the bond between the 
fibres and matrix. Durability of the bond is affected by wet and humid environments. In the 
presence adsorbed water some of the reinforcing action of the glass is lost due to water 
weakening or destroying the bond required to transmit the stress from matrix polymer to 
glass. 
At the very surface of glass fibres the arrangement of atoms are different than in bulk and 
the valency requirements are met by interaction with molecular oxygen and atmospheric 
moistures7• 
Coupling agents are known to promote fibre-matrix adhesion. They have dual function i.e. 
to react with both the fibre surface the matrix. The reactivity towards the fibre surface is 
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due to the presence of hydrolysable alkoxy groups. The main concept is to provide a 
chemical agent that capable of reacting in some way with both the glass surface and the 
surrounding matrix in order to provide a continuous molecular bridge across the fibre/ 
matrix interface. This effectively protects the fibre from water adsorption and further from 
corrosion. These agents have been developed to be compatible with the same types of 
resin (epoxy, polyester or vinylester etc.) and· therefore, contain probably identical 
functional groups e.g. epoxy, vinyl, and acrylic functionalities. 
Organosilanes and organometallic compounds are effective coupling agents for silicate 
based reinforcements. However it is not practical to use only a coupling agent on the glass 
but a more complex mixture, usually referred to as a "size", is applied to the glass fibres 
immediately after the fibres are drawn7. Although different in nature, sizings exhibit similar 
surface properties. The manufacturers of fibres claim to design the thickness and 
composition of the "size" to enhance the performance of composite materials. The 
thickness of the sizings ranges between 0.1 and 0.2 J.lm making up 1-2% (by weight) of 
the composite58• Sizing systems have to fulfill several distinct tasks. The functions and 
constituents of sizes are as follows 59.GO. 
i. The application of the coupling agent to glass fibres: Coupling agent forms only a 
fraction of the forming size applied on commercial glass fibres. A coupling agent is 
typically a silane compound, i.e. an organotrialkoxysilane. Coupling agents enhance the 
adhesion between fibre and matrix and improve the mechanical properties at the 
interphase. 
ii. The protection of the glass fibres from interfilament abrasion: A film former (usually in 
emulsion form) such as polyvinyl acetate, epoxy resins, polyester and dextrinised starch 
protects the glass filaments during manufacture, transport and subsequent handling and 
gives some integrity to the bundles of individual glass filaments. Protection is clearly 
important during weaving operations. Sizings also protect the glass fibres against moisture 
induced degradation. 
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iii. The assistance of processing: Fatty acid esters, certain silicones and acid ami des can be 
used to lubricate filaments so as to aid passage through and over guide points. Sizings also 
assist processing by optimising fibre spreading during prepreg and composite fabrication. 
iv. The reduction of the build-up of static: Various organic and inorganic compounds can 
be used as anti-static agents to impart anti-static properties. 
Appropriate selection of sizing materials may present an effective and economical means 
of tailoring of composite materials performance. However in some applications prior to 
the composite production the size is completely removed from glass surface by heat or 
solvent and then a new coupling agent is applied. 
The application of coupling agents normally results in composites of high stiffness and 
strength. Due to the poor damage tolerance under impact loads, the use of these 
composites can, however, be restricted in certain applications. The initial damage process 
is fracture of the matrix at the fibre-matrix interface61 . 
2.4. The Reaction Mechanism of Silane Coupling Agent. 
As already mentioned, a glass surface is sensitive to water and is able to adsorb water 
easily. Glass fibres contain hydroxyl groups on their surfaces as a result of reactions with 
atmospheric water. In other words a glass surface is hydrophilic in nature and gives rise 
to a well bonded hydroxylated surface layer50 . The presence of water on the glass surface 
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causes a considerable reduction m glass fibre surface energy (from over 500 mJm to 
values in the range 50-70 mJm-2) in addition to its adverse effect on the long term 
durability of bond across the interface. 
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In practice it is impossible to completely avoid the presence of water. The surface of glass 
fibres contains many silanol groups after exposure to moist air, and a heat treatment at 500 
°C completely drives off the adsorbed water molecules62• 
Hydrated surface oxides form metal hydroxide groups which are considered to be 
adsorption sites for the coupling agent molecules63 . Commercial si lane coupling agents are 
available for bonding virtually any thermosetting or thermoplastic polymer to glass or 
other mineral surfaces. They have the general structure Y R Si (OCH3)3, where R is an 
organic chain and Y is a functional group selected for reactivity with a given resin64. 
Organofunctional groups react or at least interact with the polymer matrix. They are 
bonded to silicon through stable covalent bonds. The alkoxy groups (usually methoxy or 
ethoxy) on silicon may react directly with hydroxyl groups on mineral surfaces, or they 
may react with water to form silanol groups that can bond to mineral hydroxyls or 
condense with each other to form cyclic siloxanes. 
In general the effectiveness of the silane as a coupling agent paralleled the reactivity of the 
organofunctional group with the resin. For a given composite a silane is chosen in which 
the organofunctional group has maximum reactivity with the polymer65 But this is not the 
case with polymer matrices that do not have any reactive group in their molecule. 
Chemical inertness of the polymer itself restricts the interactions between an 
organofunctional silane and the polymer. 
Si!ane coupling agents are often applied on the surface of minerals from water 
dispersions66. Water reacts with organosilanes through hydrolysis. Condensation reactions 
between silanols on the organofunctional silane and silanols on the fibre surface produce 
siloxanes, linkages between fibre and polymer. Intermediate silanols first hydrogen-bond 
to the mineral surface but ultimately condense to form oxane bonds across the interface. 
This is a reversible condensation reaction capable to hydrolyse when exposed to moisture. 
Owing to the presence of polar components, water may penetrate into the interface 
resulting in a severe deterioration of interfacial adhesion. That is, oxane bonds across the 
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interface may be hydrolysed, which results in deteriorated mechanical properties of the 
composite. Although oxane bonds between silane coupling agents and glass or metal are 
rather easily hydrolysed, they re-form even more readily. This is known as reversible 
hydrolytic bond mechanism. According to Plueddeaman67 hydrolysis relieves local shear 
stresses at the interface. 
Silane coupling agents do not function by preventing molecular water from reaching the 
mineral-polymer interface, but by competing with water molecules for the mineral surface 
so that water can not cluster into films or droplets68. 
Silane coupling agents at glass fibre surface form a silane interphase between glass and 
matrix in a glass-fibre reinforced composite. The structure of adsorbed silane coupling 
agent has been the subject of an ongoing debate for a long time. Availability of modern 
techniques for surface characterisation made possible to reveal the structure of adsorbed 
silane layer. Now it is clear that coupling agents adsorb onto glass fibres as multilayers. It 
is generally considered that the coupling agent structure consists of a chemisorbed layer 
adjacent to the glass surface and an outer physisorbed layel9'70• 
Chemisorbed silanes are those having at least one covalent bond with the substrate. These 
molecules are fixed through siloxane bonds to the substrate SiOH functionalities. The 
chemisorbed layer consists of a strongly held polysiloxane network and can be divided into 
) two separate regions. The outer layer, which uses only a few silanols to bond to the 
surface, can be removed after 3 to 4 hours boiling in water. The inner chemisorbed layer is 
characterised by an extensive network structure which uses many silanol groups for 
covalent bonding with the substrate surface. This is a tenaciously held chemically stable 
monolayer which remains chemically bound to the surface after hydrolysis. 
Those silanes which do not possess any covalent bonds with the substrate surface are 
termed physisorbed silanes. The physisorbed layer consists of hydrolysed or partially 
hydrolysed silane and smaller polysiloxane molecules. This layer constitutes about 98 % of 
29 
the coupling agent. Since physisorbed outer layer is made up of lower molecular weight 
materials it can be easily removed by organic solvents or even prolonged contact with 
water. 
It was shown that the removal of the physisorbed silane from the interphase with organic 
solvents improves the interfacial shear strength of composites71 . However, at extremely 
low concentrations, the removal of physisorbed silane from glass fibre adversely affects 
the mechanical property of the composite at the interface due to the lack of coverage on 
the surface offibre72• 
Although the chemical bonding theory for silane coupling agents is the most accepted 
theory, it has been unable to explain some of the properties observed in composite 
materials and consideration has been given to other concepts. Bonding through silane 
coupling agents by other than chemical reaction are best explained by interdiffusion and 
interpenetrating polymer network (IPN) theory 73• IPN can be defined as a combination of 
two or more polymers in a network and at least one of which is crosslinked and/or 
synthesised in the presence of other. 
In the case of silane coupling agents, the liquid silane may act as a partial solvent for the 
polymer. When a network is formed by the coupling agent the polymer loses its solubility 
and separates into an IPN phase with the siloxane at the interface. In other words the 
silane-polymer adhesion is primarily due to the formation of entanglements by the 
diffusion of matrix polymer chains into the poly(silane) network near the filler surface. 
For a cured or condensed siloxane network interphase, penetration of the resin into the 
siloxane layers is very important to achieve a strong adhesive bond74 Such interdiffusion is 
recognised as the adhesion mechanism of thermoplastic elastomers to primers comprising 
silane modified tackitying resins75 
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2.5. Coatings of Glass Fibres. 
The large difference between the modulus of the fibre and that of matrix modulus, and the 
related differences in the coefficient of expansion between matrix and fibres, cause the 
interface to be in a state of high stresses. In other words stress concentrations arise in the 
interfacial regions even in the presence of an excellent interfacial bonding. As a result this 
region behaves as the nucleation site for cracks leading to composite failure. 
It is widely acknowledged that the fracture toughness of a composite is not simply the sum 
of the weighed contributions by the constituents of the composite, but is determined by the 
extent of energy absorption process through various toughening mechanisms. One of the 
most popular and effective methods devised for high fracture resistance is the application 
of a ductile, energy absorbing organic material on to the fibre surface. This concept was 
originally suggested by Lavengood and Michno76 . The idea is to prevent the fracturing of 
fibres which takes place by penetration of the main crack from matrix into the 
reinforcement. This is to be accomplished by decoupling the fibre at the interface between 
the coating and the fibre by producing either normal or shear failure at the interface. By 
the presence of a tough interlayer, ihe crack tip is severely blunted and more energy is 
required to initiate a crack. Besides, the interlayer protects the brittle fibre surface during 
processing and heals surface flaws 77 
The term "coating" refers to a substantial bonding control layer on the surface of the fibre 
and is not to be interpreted as a treating. It is important that the coating forms and stays as 
a separate layer on the fibre surface until the composite production. The choice of coating 
material is crucial for getting the desired effect. The glass transition temperature (or 
equivalently modulus) and the thickness of the coating are the major parameters that affect 
composite end-properties. The thickness of the coating can be varied to produce a 
composite material with different mechanical/ thermomechanical properties. 
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The concept of the fibre coating involves reducing the stress concentrations between 
brittle matrix resin and reinforcing fibres is through the use of ductile, energy absorbing 
material. The interlayered fibres contribute to a smoother transfer of stress gradients from 
fibre to matrix. Strong bonding of this interlayer to both fibre and matrix can 
simultaneously increase fibre/ matrix adhesion and inter!aminar shear strength. The 
principal effect of fibre coating is to modify the fracture behaviour by altering the 
mechanisms of stress, bond and thermo-mechanical properties at the interfacial region. 
This alterations determine the response of composites to the applied loads78. 
Pioneering work ofBroutman and Agarwal79 has motivated many fibre coating studies. In 
this theoretical study finite element method was used to predict the effect of coating on 
the mechanical performance of composites and it was concluded that by controlling 
inter!ayer modulus, toughness of composite could be enhanced while maintaining adequate 
tensile properties. 
Peiffer and Nielsen80 applied latex coatings onto glass fibre surface by a simple dipping 
procedure. They were able to obtain uniform latex coatings on glass fibre surface 
through the use of electrostatic forces. The results showed that it is the modulus, thickness 
and Tg of the coating that determines the toughness of composites and therefore, a 
substantial improvement in fracture toughness can be obtained through careful control of 
these parameters. 
Again Peiffer in a later studl1, using same material confirmed that there is an optimum 
coating thickness above which the impact resistance decreases. In his study the optimum 
thickness was 0.2 j.tm. 
Tryson and Kardos82 applied a plasticised epoxy (flexible epoxy) resin coating onto glass 
fibre surface followed by filament winding with a brittle epoxy. They employed different 
coating thicknesses. It was concluded that the coating improves composite performance 
by: 
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i. Providing a lower modulus rubber bumper at the interface to absorb stress 
concentrations, 
ii. Acting as a spacer to prevent fibre-fibre contacts, 
iii. Healing critical flaws in glass filaments. 
They were able to improve transverse tensile strength (67 % increase), interlaminar shear 
strength (40 % increase), and torsional fatique life (1000 % increase). Furthermore the 
loss of transverse strength after water exposure was also very low. 
Schlund and Lafnbla83 applied various latex coatings of varying thicknesses onto glass 
fibres. They used PU coated glass fibres as control. After SEM examination of fracture 
surfaces from three point bending test samples they concluded that coating uniformity 
strongly influences the failure mode. When the coating is not uniform i.e. patchy, the 
interlayer can not perform its role and the mechanical properties become similar to those 
observed for uncoated glass/ epoxy composites. They also stressed the importance of 
amino-silane in the treatment in so far as aminosilane coupling agents chemically bond 
both interfaces i.e. glass/latex and latex/ polymer layer. Amino-silane coupling agent had a 
pronounced effect especially after the boiling water test. 
Gerard et al.84 applied an elastomeric coating (CTBN- carboxy terminated acrylonitrile 
butadiene) from MEK solution on to glass fibres. They employed various coating 
thicknesses. The results confirmed that there is an optimum coating thickness (3 % of the 
fibre radius for this experiment) and the moduli of the coating affects the performance of 
the composite. The introduction of such an interlayer enhances fracture toughness with 
only slight losses in elastic properties. In this study for a 20 % volume fraction of glass 
fibre, a 25 % improvement in fracture toughness was obtained. 
Wu and Zhou85 described the possibility of getting a smooth transition (in terms of 
shrinkage stress alone) in the interfacial region. They applied a special coating with 
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varying shrinkage properties known as "Copolymer of Controllable Volume-change on 
Curing (CCVC)" onto glass fibre. Norbornene spiro-orthocarbonate (NSOC) can be 
copolymerised with epoxy resin to get CCVC resin. By changing the composition of the 
CCVC resin they were able to construct a shrinkage gradient in the interfacial region. The 
conclusion was that reducing the difference of volume-change on curing in the interfacial 
region by means of a CCVC layer on the fibre surface could eliminate the residual stress 
and defects completely. The addition of a I 0 % NSOC into a CCVC interlayer increased 
the impact fracture energy by 63 % and there was no loss in tensile strength. 
Mascia et al. 86 applied ethylene-propylene diene terpolymer (EPDM) elastomer and ultra 
high molecular weight polyethylene (UHMWPE) coatings onto glass fibres. Two different 
interlayers i.e. EPDM and UHMWPE were employed with a view to obtaining two 
different energy dissipation mechanisms. EPDM was for rubbery deformations and 
UHMWPE was for yielding deformations. It was concluded that in spite of nonuniform 
coatings on glass fibres it is possible to impart substantial ductility to composites. 
Excessive coating thicknesses caused reduction in interlaminar shear strength and in other 
mechanical properties for both coatings. DMT A and short beam three point bending test 
results confirmed the potential of UHMWPE to improve the toughness of composites 
through a yielding mechanism. 
Kinsella et al.87 applied UHMWPE coatings onto glass fibres. Again the uniformity of 
coating was a problem. However a 400 % increase in the impact strength (for compression 
moulded glass reinforced nylon plaques using instrumented falling weight apparatus) was 
obtained at the expense of 10-15 % of flexural modulus. SEM examination of fractured 
specimens revealed the ductile interfacial failure between glass and matrix. 
Lassas et al.88 applied polyacrylic acid (PAA) coatings on to glass fibres. The adhesion 
mechanism depends on salt complexes between the glass surface and the polyacrylic acid. 
The presence of aluminium and calcium ions in glass makes the formation of salt 
complexes possible. Although they were able to produce P AA coatings on glass fibres, 
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they did not make any attempt to produce composites from P AA coated fibres. However 
the high potential of cheap P AA coatings for use in industrial surface treatment of 
inorganic reinforcements in composite materials was stressed. 
Mukherjee et al. 89 applied silica coatings via sol gel route on to glass fabrics. However the 
aim of these coatings was different from previous studies. They used coated fabrics in the 
production of printed circuit boards. The result was that after firing at - 400 oc, the 
coatings restrict the movement of glass fabric leading to the lowering of coefficient of 
thermal expansion which is an important requirement in the production of printed circuit 
boards. This work was patented90 as a low expansion composite. Low CTE boards would 
be used for direct chip attachment. Failure of soldered junctions in very high speed 
integrated circuits is a well-known problem. It is expected that failure of printed circuit 
boards, due to operational cyclic temperature variations, can be prevented by the use of 
low CTE boards. 
Zhang and Cameron91 introduced a physical method for silica particle modification of glass 
fibre surfaces. These particles, which are of low density, high hardness and good chemical 
compatibility with the polymer matrix, are coated on the glass fibre by use of a small 
amount of resin which is also subsequently incorporated into the composite as the matrix 
phase. The coating process is as follows: The glass fibre strand was passed through a 
polyester resin bath, and then the coated strand passed through a silica particle filled 
container. At this point, the particles were pressed and evenly distributed along the fibre 
strands by the use of a squeezing roller. 
An increase in the surface area of the fibre due to modifYing particles results in an increase 
in the interfacial area between the reinforcement and matrix. This improves the bonding 
between the fibres and the matrix, and as a result, the strength of the composite. A 16 % 
increase in tensile modulus (for 51 % by weight fibre content) was obtained. Depending 
upon the modifYing particle size, up to I 00 % increase in shear strength was also obtained. 
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Hiroyuki92 applied silica coatings via an aqueous solution containing water glass 
(essentially a sol-gel route employing alkoxides of silicon). Dip coated glass fibre bundles 
were dried, heated 1-2 h at I 00 •c, and subsequently heated at 800-l 000 •c to give 
bundles of fibres having surface protrusions and fibre-to-fibre bonded parts which resulted 
in improved adhesion to matrix resins. This in turn gives composites with high mechanical 
strength. A composite manufactured using this fibre (55 %by volume) and an epoxy resin 
matrix resulted in a tensile strength of 4.1 GPa with respect to 3.3 GP a for untreated glass 
fibres. 
Obviously, there is similarity between the previous reference and the above study in terms 
of adhesion improvement which is essentially an increased interfacial contact area 
promoting mechanical keying in addition to inherent chemical affinity of silica surfaces 
towards thermosetting resins. The only difference is, however, that composites containing 
glass fibre bundles with fibre-to-fibre bonded portions must have extra stiffness and 
strength compared to composites containing loose fibre bundles. 
Tsujioka et a1.93 treated glass fabric with sol-gel silicate to modify the composite interface 
with a view to improving thermal and mechanical properties of printed circuit boards. 
They compared acid and base catalysed gel treated glass fabrics to standard glass fabric 
and discussed the role of silicate gel at the interface of glass-resin laminates. 
After coating, the fabric was heated at 400 •c for 18 h and then finished with l wt % of 3-
aminopropyl-trimethoxysilane aqueous solution. The strength of the acid catalysed gel 
treated glass fabric was reduced drastically whereas no reduction was observed on base 
treated one. The reason for this difference can be explained by the different density of the 
treated silicate. The density of silicate produced from acidic catalyst is always bigger than 
base catalysed silicate. Higher density means the coated silicate would shrink during 
gelation and excessive micro cracks cause deterioration of the fibre glass strength. On the 
other hand, lower densities give rise to quite mild shrinkage leading to micro-roughness as 
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was evidenced by atomic force microscopy. As a result, the specific surface area of base 
catalysed silicate will be higher than both standard glass fabric and acid catalysed silicate. 
The interfacial bonding strength measurement of the base catalysed silica coating, 
estimated from mode I fracture toughness (GJc), was about 1.4 times higher than that of 
standard laminate. It is worth noting that this ratio value is very close to the ratio of the 
surface area of the fibres in the two cases. Heat resistance (the temperature at which 
"measling" occurs within the printed circuit boards) of base catalysed laminate was almost 
100 •c higher than that of standard laminate. 
DiFrancia et al.94 applied polyimide coatings onto optical fibres for embedding in an epoxy 
matrix. They investigated the performance of cured versus uncured coatings with respect 
to adhesion. In the processing of smart composite structures, it is essential that the 
embedded sensing and communication optical fibres remain functional during the entire 
cure cycle without degrading the mechanical integrity of the composite structure in the 
post-cure environment. In addition, for high temperature environments optical fibres 
require coating materials which maintain their integrity over their lifetimes of intended use. 
In this respect, the thermal stability and adhesive properties of the coatings play important 
roles. To insure survivability of the optical fibre, high temperature resistant (up to 350 'C) 
polyimide-based coatings are most promising. 
Bond strength was tested by employing the single fibre pullout test. The development of 
stress in the samples during pullout test was examined via cross-polarised light to obtain 
birefringence patterns. In the cured specimen case, fibre-matrix stress transfer was 
indicative of good adhesion. On the contrary, the uncured specimens showed little or no 
evidence of stress transfer since birefringence patterns were reduced considerably. It was 
concluded that having an incomplete coating cure would give poor performance for 
embedded fibre sensors and the importance of improving the mechanical strength of the 
fibre through a coating such as a polyimide was also stressed. 
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It is interesting to note that the first research project at Loughborough on polyimide 
ceramers was sponsored by Pirelli Plc to upgrade the performance of coatings for these 
very applications95 • 
Nakatsuka and Kambara96 showed potential usefulness of inorganic gel coating or 
inorganic-organic hybrid gel coating on particulate or whisker surface. Silica gel coatings 
on aluminium boron double oxide whisker depressed the unwanted catalytic activity such 
as thermal degradation of polyvinylchloride. Another application of inorganic gel coating 
is to suppress decomposition of the whisker against molten metals. 
Titanium tetrabutoxide and trimellitic anhydride hybrid gel was coated on to whisker 
surface. Coated whisker was then further treated with polyethylenimine to obtain a 
polymer grafted whisker. SEM investigation indicated the presence of scale-like 
precipitates on the whisker surface. Composites manufactured using grafted whiskers in a 
PVC matrix exhibited improved tensile strength and ultimate elongation. Charpy impact 
test also showed an improvement which was from 0.25 kJ/m to 0.34 kJ/m for a whisker 
loading of 50 % by weight. This was attributable to flexible polyethylenimine interlayer. 
However there was a decrease in modulus which may also be accounted for the 
introduction of flexible polyethylenimine layer. 
Glass fibres suffer from the lack of chemical resistance in alkaline media. This is specially a 
problem in the reinforcement of ordinary portland cement with glass fibres. The resistance 
against alkaline media can be enhanced by incorporating Zr02 into the fibres but is an 
expensive process. Guglielmi and Maddelena97 have demonstrated that a sol-gel coating 
(20% Zr02, 80 % Si02; both by weight %) on the glass fibres deposited by dipping can 
produce the same chemical resistance as conventional alkali-resistant glass fibres. 
Mobarakeh et al.98 applied nylon-6,6 coatings onto glass fibres for embedding in a nylon-
6,6 matrix. Interfacial polycondensation was performed with the fibre acting as the 
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interface, and nylon-6,6 chains were grafted on the free hydroxyl groups located at the 
fibre surface. Fragmentation tests were used to quantifY the effect of the grafting. 
The mean fragment lengths were reduced by 30 % as compared to untreated samples. This 
corresponded to an increase of interfacial shear strength up to 59 % because of the 
chemical treatment of the glass fibres. This increase was attributed to the presence of a 
clear transcrystalline interphase, which was observed through a scanning electron 
microscope, in the samples containing nylon-6,6 grafted glass fibres. The grafted nylon-6,6 
polymer were identified as a nucleating surface for the transcrystalline layer. 
Recently Rydin et al. 99 applied nylon-6,6 coatings onto E-glass plain weave fabric for use 
in a vinyl ester matrix. The polyamide coating was first dissolved in a formic acid reagent 
to form a solution and then applied by a dip coating technique in two coating thickness 
levels. 
For impact tests, the presence of the coating enabled the absorption of greater amounts of 
energy through local damage and deformation, while keeping the overall structure intact. 
Both coating levels resulted in a decrease in ILSS values mirroring results reported 
previously by several researchers. 
2.6. Interface Related Fracture Toughness of Unidirectional Fibre Reinforced 
Composites. 
It is well known that the fracture toughness of a composite is not simply the sum of the 
weighted contributions by the constituents, but is controlled more importantly by the 
extent of energy absorption processes through various toughening mechanisms, depending 
upon the nature of bonding and morphology at the fibre-matrix interface. 
During the fracture process, energy is absorbed by deformation and/ or creation of new 
surfaces. The fracture toughness of composite materials based on brittle-fibre/ brittle-
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matrix is known to be much greater than that of the fibre and matrix by themselves 100• 
There have been many theoretical and experimental studies concerned with failure and 
toughening mechanisms. When a crack moves through a matrix containing unidirectional 
fibres, the composite is expected to fail by one of the following mechanisms101' 102• These 
failure mechanisms are crucial to evaluate the stress transferability at the fibre/ matrix 
interface. 
i. matrix fracture, 
ii. fibre fracture, 
iii. fibre-matrix interface debonding, 
iv. fibre pull-out, 
v. post debonding friction, 
vi. stress redistribution in the interfacial regions 
The identification of basic failure mechanisms or the factors responsible for the 
achievement of fracture toughness in a given fibre-matrix system is very important in order 
to control and/ or enhance the performance of composites. It should be borne in mind that 
all of these mechanisms do not necessarily operate simultaneously for a given fibre-matrix 
system, and in some cases one of these toughness contributions may dominate the total 
fracture toughness. 
Fibre fracture occurs if a ductile matrix is reinforced with brittle fibres but this accounts 
for a very small fraction of the total energy absorbed owing to the low fracture strain. The 
ductile matrix forms "bridges" in the plane of broken fibres by shearing. If on the other 
hand the fibre is ductile and the matrix is brittle, the opposite occurs. The fibre is 
plastically sheared while it is extra~ted from the cracked matrix. 
Fibre-matrix interface debonding occurs in the presence of a weak bond or interlayer. 
When properly controlled, this enables the interface to act as a mechanical fuse to 
decouple the fibre from its surroundings. The main concern is to protect the fibre from 
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fracturing by penetration of the main crack into the fibre. According to Cook and 
Gordon103 if the interfacial shear strength is less than 115 of the tensile strength of matrix 
(for isotropic material), tensile debonding may occur at the interface ahead of crack tip as 
a result of the tensile component of the stress field in the direction perpendicular to the 
fibre. If, however, a strong bond exists, the main crack will propagate across the interface 
and fibre leading to brittle failure. 
Outwater and Murphy104 treated the debonding differently. The differences between fibre 
and matrix failure strains cause differential deformation leading to large local stresses 
when the load is applied. Local stresses result in Poisson contraction and eventually the 
level of shear force developed at the interface will exceed the total static interfacial 
strength. This force breaks chemical or physical bonds at the fibre-matrix interface. 
Accordingly the fibres become separated from the matrix. The work done in creating these 
new surfaces is considered as the primary contributor to the fracture energy. Since they 
assumed the failure strain of the fibre to be greater than that of the matrix (which is very 
rare in practice) debonding progresses until the fracture stress of the stressed filaments is 
reached. The excess strain energy of the fibre from the further stretch beyond the strain of 
matrix failure is the cause of the debonding work. Again this process requires a relatively 
weak interface. 
In the above two cases, it is predicted that the larger the debonding area, the higher the 
energy dissipated and therefore the larger the fracture toughness. 
Pull-out is a frictional contribution to toughness. In the fibre pull-out mechanism as the 
crack propagates, it pulls out the broken fibre fi·om the matrix resulting in a continuation 
of the post-debonding frictional work. This additional component of work of fracture, 
proposed by Cottrell105 and Kelli06 , is the work done against sliding friction in pulling the 
broken fibre. This pull-out work is considered to be a major contribution to the fracture 
toughness of a composite. Here it is assumed that fibres broken randomly at weak points 
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and the frictional force is maintained during fibre pull-out at a level of original interfacial 
shear strength as is the case for some metal fibre/ metal matrix composites. 
In this mechanism the length and diameter of fibres play an important role. Large diameter 
fibres mean large surface areas and consequently increased work of friction. Optimum 
energy absorption is obtained when the length of fibres (L) is equal to the critical length 
(Le). IfL< Le, fibres will be pulled-out. If, on the other hand, L >Le, the fibres will be 
stressed to their limit and eventually be broken instead of being pulled-out. 
In the post debonding friction mechanism, after interface debonding has taken place, the 
crack continues to propagate and the fibre and matrix move relative to each other. For 
fibre reinforced composites in which the main source of toughness is fibre pull-out it is not 
adequate just to reduce the interfacial bond strength between fibre and matrix since this 
only increases the fibre pull-out length. It is also vital to intensifY the friction between 
them so that after debonding and fibre fracture have taken place the frictional pull-out 
work can be increased. According to Kelly106 the energy dissipated due to the post-
debonding friction is equal to the frictional shear force times the differential displacement 
between fibre and matrix. 
In the stress redistribution mechanism, after a considerable debonding has taken place, 
fibres are stressed to failure along the debonded length. Within this region near the main 
fracture plane, fibres may break at a weak point. On failure the fibre is relieved and regains 
its original diameter so that the ends are gripped again by the matrix14 
Finally, a distinction should be made between composites containing ductile and brittle 
matrices since they react quite differently against applied loads. Epoxy and other 
thermosetting resins are generally brittle and deform very little before fracture whereas 
some thermoplastics undergo considerable amounts of deformation. Both cracking and 
deformation of matrix absorb fracture energy, however, plastic deformation process 
absorbs a substantial amount of energy with respect to the surface energy contribution due 
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to cracking. According to Piggot107 when a fibre is broken, the strain energy of the fibre is 
redistributed into the matrix i.e. strain energy relaxes. If the matrix is ductile the energy is 
dissipated by plastic deformations within the matrix. This model presumes that fibre-resin 
bond remains unimpaired throughout and that the strain energy gained by the matrix is 
negligible. 
All the above treatments consider a single mechanism for toughness. Unfortunately, 
however, a single mechanism can not account for the resulting toughness of a composite. 
According to Marston et al. 108 a combination of the above mechanisms is generally 
responsible for the total energy absorbed during fracture process and, accordingly, their 
proposed model includes all the above mechanisms, with the exception that Outwater/ 
Murphy's debonding contribution being substituted with a more generalised term of 
surface energy, for the fracture toughness of composite materials. The surface energies of 
the fractured fibre and the matrix ·are included as a notable modification as well as that of 
the surface formed as a result of debonding. 
From the review of above models, it is clear that the fracture toughness of fibre reinforced 
composites is mainly determined by the properties of the f1bre-matrix interface. 
2.7. Thermal Expansion Behaviour of Composites. 
Thermal expansion is the increase of a mass of substance (whether it is a solid, liquid or 
gas) in length, area, or volume, as a result of an increase in temperature. Plastics are 
affected by temperature changes appreciably more than do most materials. The relatively 
high thermal expansion of plastics means that these materials are particularly prone to 
relatively large dimensional variations with respect to temperature109 This is one of the 
most difficult problems of design engineers in their design task. The usual way of 
overcoming this difficulty is to employ plastics as matrix materials in composites. 
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When a composite is heated, the polymer matrix wants to expand more than the 
reinforcing fibres but if the interface is capable of transferring the stresses which are set up 
as a result of the temperature rise, the expansion of the matrix will be decreased. In 
composite materials fibres, in the form of discrete entities or continuous phases, play an 
important role in reducing the thermal expansion of the composite. This imparts a better 
structural stability to the components in critical applications, especially at elevated 
temperatures. 
An increase in the temperature of the composite is followed by an increase in its 
dimensions determined by the thermal expansion coefficients (a coefficient expressing the 
rate of change of length (or volume) with change of temperature) of the matrix and the 
reinforcement110• 
The response of composite materials to temperature changes is important not only for 
varying service temperatures but also for manufacture considerations. The processing of 
composites using thermoplastics matrices or for curing schedules for thermosetting resins 
usually takes place at temperatures 150 to 300 oc above ambient. Over this temperature 
range, there are substantial volume changes in most matrix resins, and generally 
insignificant volume changes in fibres. In the course of cooling, each phase will shrink, 
however, the contraction of the matrix will be inhibited by the fibres, consequently setting 
up compressive stresses across the interface 111 . 
Thermal expansion behaviour is also important when composite materials are used in 
combination with other materials and when it is necessary to match the thermal expansion 
coefficient of one component with another for dimensional stability and mechanical 
compatibility112. 
The effective thermal expansion coefficients are defined as the average change of length 
(area or volume) per unit length (area or volume) for unit temperature difference, the 
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pressure being kept constant, for a traction-free material and can be expressed in a number 
ofways113 : 
a) Linear expansion: The change oflength which occurs with temperature change is called 
as linear expansion. The variation is described by the linear expansivity or linear coefficient 
. of thermal expansion a. Linear coefficient of thermal expansion a is defined by the 
equation 
a= 1/L(iJL/iJI)p 
Lis the length (in metres), T is the temperature and a is the fractional increase of length 
(i.e. iLIL) per unit rise of temperature. The unit of a is K 1 since CL and L have the same 
units (metres) and so CLIL is dimensionless. 
b) Area expansion: The change of a surface area with temperature change is called area 
expansion and is described by the area/superficial expansivity or area coefficient of thermal 
expansion /3. Thus if an area A increases by oA because of a temperature rise then f3 is 
defined by the equation 
f3 = 11 A (oAf iJI) P 
A is the area (in square metres), f3 is the fractional increase of area (i.e. a4 !A) per unit rise 
of temperature. 
c) Volumetric expansion: Changes of volume of a material with temperature change are 
described by the cubic expansivity or cubic coefficient of thermal expansion y. Thus if a 
volume V increases by CV for a temperature rise or then r is defined by the equation 
r= 1/V(iJVIiJI)p 
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Vis the volume (in cubic metres), yis the fractional increase of volume (i.e. bVIV) per unit 
rise of temperature. 
In the present study only linear coefficient of thermal expansion of interlayered 
unidirectional composites will be dealt with. 
For amorphous polymeric systems the coefficient of thermal expansion (CTE) is strongly 
dependent on the test temperature relative to the glass transition temperature (Tg) of the 
material. Glass transition temperature is often defined in terms of a volume versus 
temperature plot. This is demonstrated in Figure 2.3. The temperature at which this curve 
changes in slope is defined as the glass transition temperature. 
The slope of the curve is proportional to the thermal expansion coefficient. Above the 
glass transition temperature an amorphous polymeric material behaves as a liquid or 
. rubber depending on the degree of crosslinking whereas for temperatures below the glass 
transition temperature it behaves as a glass. Accordingly, the thermal expansion behaviour 
is different at temperatures below and above the glass transition temperature. 
Temperature 
Fig.2.3 Schematic volume versus temperature plot for an amorphous polymer. 
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This means that there are two basic coefficients of thermal expansion, which may be called 
a8 and a,,thermal expansion coefficients of the glassy and rubbery regions, respectively 
below and above the glass transition temperature. u8 and a, are themselves temperature-
dependent and will increase with temperature. However, the coefficient of thermal 
expansion for an amorphous polymer above the glass transition temperature is usually a 
factor of two or three greater than its value at temperatures below the glass transition 
temperature. 
Similarly, the elastic modulus of an amorphous polymeric material is dependent on the test 
temperature relative to the glass transition temperature of the material. The elastic 
modulus for temperatures below the glass transition is 3-4 orders of magnitude higher than 
that above T 8 • 
From the above considerations it is obvious that the characteristics which affect thermal 
expansion, i.e. the forces between the atoms or molecules, also affect the mechanical 
properties, especially the elastic modulus. In other words, the thermal expansion behaviour 
is closely related to the elastic properties of the materials. Therefore it might be 
anticipated that a kind of inverse relationship exists between the coefficient of thermal 
expansion and the elastic modulus of a material. That is to say, the stiffer the material, the 
lower the coefficient of thermal expansion. In fact, this is confirmed by the Gruneisen 
relationship114 as shown below: 
r = yKVmoll C, or yK = fC.I V,.t 
The Gruneisen constant r is a dimensionless number which is related to bulk modulus, K, 
the coefficient of volumetric expansion, y , specific heat, C,, and molar volume, Vmo/. 
This relation was developed originally for inorganic materials and r is normally in the 
range 1.5-3.0. A value of2 might be used for rough calculations. However, in the case of 
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polymers this constant deviates considerably from the above values. The reason is that in 
polymers the properties are mainly controlled by weak interchain forces which have a 
significant effect on the specific heat. On this basis, the value of this constant for polymers 
at room temperatures is about 4. If the cubical'CTE of a material is known, this may 
enable an estimate to be made of bulk modulus of the material which is difficult to 
measure by simple experimental methods. 
2.7.1. Thermal Expansion and Microcracks in Composite Materials. 
Forces are created in a structure when thermal expansion or contraction is resisted. In a 
composite material, thermal expansion produces internal thermal stresses. The differences 
in the coefficient of expansion of the resin and fibres causes the interface to be in a state of 
stress. Along the fibre axis the higher coefficient of thermal expansion of the resin creates 
a tensile stress in the resin along the fibre axis and this generates a shear stress at the 
matrix-fibre interface. The magnitude of these stresses is proportional to the differences 
between the CTEs of its components. For example, the thermal expansion of a glass fibre 
is only 6.5 -8.5 % of that of the epoxy resin between room temperature and the 
temperature at which vitrification occurs11s. The difference between the CTEs increases 
with further increase in temperature. 
These internal stresses are residual in nature and also caused by the differential shrinkage 
during curing and spatial variations in morphology in thermosetting matrices or melting/ 
solidification in thermoplastic matrices. For epoxies the net volume change between the 
cured and the uncured state of the resin, compared at ambient temperature, is I to 6 %, 
depending on the resin type and the cure cycle. For thermoplastics the volumetric 
shrinkage at atmospheric pressure is at least I 0 % and can be as high as 30 % over the 
interval between ambient temperature and processing tempeniture116 
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Depending on their source, the resulting internal stresses, for example, can intensify 
surface contact between the fibre and matrix leading to improved interfacial shear strength 
through frictional forces operating at the interfacial region117. 
Thermosetting resins used in composite materials are usually postcured at temperatures 
above their glass transition temperatures. Accordingly there is a chance of completely 
relieving the resin shrinkage stresses occurring from curing via viscoelastic relaxations in 
the resin itself. However, differential thermal contraction between fibre and matrix resin 
during cooling from the cure temperature can not be relieved by the viscoelastic 
relaxations in the resin matrix because it falls quickly into its glassy state where stress 
relaxation rates are very small. Hence as the temperature decreases, the stress throughout 
the matrix increases and the state of self-stress attributable to this source exists. In 
addition, thermal cycling during service of a component also gives rise to residual thermal 
stresses at the interfaces. 
In some cases, even in the absence of external loads, the residual stresses may become 
large enough to cause damage in the form of microcracks which constitute the site for the 
initiation of fracture of the composite system118• Since microcracks are expected to 
originate in the high residual stress region the strength and fracture behaviour of a 
composite material is significantly affected by the local residual stress state of the 
interphase region. 
Matrix microcracking due to thermal cycling and/ or external loading can affect physical 
properties of the composite including strength, stiffness and coefficient of thermal 
expansion and can drastically degrade the performance of structures in terms of 
dimensional stability through the formation of permanent residual strains119•120 . Moreover, 
microcracks are sites not only for the nucleation of macrocracks but also for 
environmental degradation121 . 
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Therefore, whereas for design purposes it is important to know and to control the 
magnitude of these residual stresses and from a manufacturing point of view it is important 
to be able to reduce residual stresses and thus reduce likelihood of initiation of 
microcracks. Decrease in microcracking will have a considerable effect on the lifetime 
performance and endurance of a composite material. As mentioned briefly in Chapter I, 
ceramer interlayers having intermediate CTE values are expected to contribute to reducing 
microcracking .. 
2.7.2. Prediction of Coefficient of Thermal Expansion in Unidirectional Composites. 
The coefficient ofthermal expansion is a useful parameter in materials research field since 
it manifests physico-chemical properties of the material. From an engineering point of 
view the understanding of thermal expansion coefficient of unidirectional composites has 
become vital because of the extensive use of composites in diverse applications. 
Measurement of expansion of a composite as a function of temperature gives the 
coefficient of thermal expansion (CTE) as well as some information about the nature of 
the interphase between the fibre and the matrix. Such information can be extremely useful 
in finding out the overall thermomechanical response of the composite. A preliminary 
knowledge of the thermal expansion behaviour of a given component is essential for its 
engineering design and for safe operation. Therefore it would be useful to be able to 
predict the CTE of composites as a function of CTEs of reinforcement and matrix, in 
relation to their orientation and content. 
Thermal expansion requires the transmission of stresses across an interface, and should 
therefore throw light on the adhesion between the phases. Furthermore, the thermal 
expansion behaviour is closely related to the elastic properties of the phases96 
In the theoretical treatments below, the displacements at the fibre-matrix interface are 
assumed to be continuous i.e. a perfect bond exists. 
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The law of mixtures is the simplest of all theoretical treatments. In the absence of phase 
interaction it is reasonable to expect that the CTE of a composite follows the simple law 
of mixtures given by: 
where ctr, Um, Uc are the CTEs of the fibre matrix and composite respectively and Vr, V ... 
are the volume fractions of the filler and the matrix. 
Nevertheless as mentioned in section 2. 7.1, due to the differences in mechanical properties 
of the fibre and matrix, residual stresses occur. These stresses affect the thermal 
expansivity of the composite. Accordingly, the CTE of the composite does not obey the 
rule ofmixtures122 • 
So far several formulae have been suggested for the calculation of CTE of composite 
materials considering the stress continuity at the fibre matrix interface. Among these 
Schapery's123 equation (also known as modulus-modified rule of mixtures) is the earliest 
and the most cited expression. For a unidirectional composite consisting of isotropic 
phases (e.g. glass fibre and thermosetting matrix) the CTE in the longitudinal direction: 
And the CTE in the transverse direction is given by: 
ctr = (l+vr)ctr Vr+ (l+v,.)u ... V,,- ctL(vrVr+ v,. V,.) 
where, 
Linear CTEs for a composite in the fibre and transverse to the fibre 
directions, respectively. 
SI 
ar, <Xm = Linear CTEs for fibre and matrix, respectively. 
Er, Em = Elastic Moduli of fibre and matrix, respectively. 
Vr, Vm = Volume fractions of fibre and matrix, respectively. 
Vr, Vm = Poisson's ratios of fibre and matrix, respectively. 
In the case of fibre coatings the situation becomes complicated. Here, in addition to a 
distinct interlayer there is one extra interphase. As a result , there is a necessity to modifY 
the Schapery's equation in order to take (at least) the contribution of the interlayer into 
account. Assuming the interlayer material is homogeneous and isotropic then the 
longitudinal CTE of the composite is given by the following equation 124 : 
where, 
£; 
a; 
= 
= 
= 
Elastic Modulus of interlayer. 
Linear CTE of interlayer. 
Volume fraction of interlayer. 
Similarly, for composites containing distinct interlayers, the CTE in the transverse 
direction is given by the following equation: 
aT = (I +vr)ar Vr + (I +v,)a, V.n + (I +v;) a; V; - aL(Vr Vr + v, V m+ V; V;) 
where Vr, Vm, v;are Poisson's ratios of the fibre, matrix and interlayer respectively. 
In real composite systems consisting of coated fibres there are inhomogeneous 
interphasial regions with varying mechanical/ thermomechanical properties. They are, 
however, neglected, for the sake of simplicity, in the above treatments. 
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Several investigators have also used finite element analyses to study the CTE m 
unidirectional composites. 
2.8. Polyimides. 
Technological advances have necessitated the availability of heat-resistant polymers with a 
superior service performance. This is especially important in electrical/ electronics 
engineering and aerospace engineering. In these areas the effective performance of many 
components depends on their maximum service temperature and polymeric materials used 
in these components are required to withstand high temperatures without impairing the 
characteristic advantages and specific properties. 
The high temperature properties of polymers are mainly determined by the intensity of 
intermolecular forces, availability of cross-linking and crystallinity. The resistance of 
individual groups of the macromolecule to heat and the type of bonds which link individual 
groups into a macromolecular chain are the main factors in determining the thermal 
stability of a polymer125 • 
There have been numerous attempts to increase the high temperature performance of 
polymers in recent years. In the earlier attempts temperature resistance and thermal 
stability were obtained by modifying the structure of side groups while retaining the main 
carbon chain unchanged or by introducing heat resistant groups, such as aromatic rings or 
cyclic units into the chains126 • 
In this respect, the synthesis of polyimides was one of the most successful 
achievements 127• Polyimides are ring-chain polymers. The chemical structure of polyimides 
is given below: 
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where R and R' are aromatic and other heat resistant groupings. Polyimides are vastly 
superior to ordinary chain polymers not only for their temperature resistance and thermal 
stability, but also for their mechanical properties. The properties of polyimides, as in the 
case of most polymers, depend on their molecular weights. The higher the molecular 
weight the better the properties, specially toughness. 
Both linear and crosslinked type polyimides are commercially available. The latter is 
obtained by means of reactive end groups which join up the molecular chains during 
curing. 
2.8.1. Synthesis and Transformation of Polyimides. 
The general route for the preparation of polyimides consists of reacting a tetracarboxylic 
acid dianhydride with a diamine. This is achieved in two ways i.e. either as a one step or 
two steps synthesis. 
The one step synthesis is used for the production of cross-linked polyimides, such as PMR 
15, where the condensation and cross-linking reactions take place simultaneously during 
the fabrication of the composites. 
In the two step synthesis the first step yields a soluble precursor which is known as 
polyamic acid. This involves the acylation of the diamine with the tetracarboxylic 
dianhydride in a polar solvent, normally N-methyl pyrollidine (NMP), to produce polyamic 
acid (P AA). The second step involves the cyclodehydration of the polyamic acid. This is 
also known as imidisation reaction which is carried out in the fabrication stage128• 
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The conversion of polyamic acids into polyimides -imidisation or dehydrocyclisation-
consists of the intramolecular formation of water from the polyamic acid to form a cyclic 
polyimide. This conversion can be performed either thermally or chemically. In the thermal 
imidisation, the dried polyamic acid is heated with a continuous or stepwise increase in 
temperature i.e. at 100 °C 1 h followed by at 200 °C 1 h and finally at 300 °C 1 h being 
most common. Chemical imidisation involves treatment of a polyamic acid film or powder 
with dehydrating agents. This reaction is catalysed by tertiary amines129• 
2.8.2. Applications of Polyimides. 
Aromatic polyimides have found many applications in a multitude of areas due to their 
outstanding mechanical properties combined with high thermal, oxidative stability and low 
dielectric constant when compared to ceramics and other inorganic dielectrics130 
In electronics industry, they are used in a variety of interconnect and packaging 
applications including alpha particle protection, passivation, multichip modules, stress 
buffer layers on integrated circuits and interlayer dielectrics on printed circuit boards 
consist of multiple layers of different materials, e.g., metals, ceramics and polymers, in 
intimate contact131•132• 
In the composites industry due to the their toughness and high glass transition 
temperature, which can be in excess of300 °C, polyimides are attractive candidates for use 
in high temperature composite applications, not accessible to other organic systems133 • 
Furthermore they have potential applications as sizing agents for graphite fibres in 
advanced composites and as erosion-resistant coatings for composites134•135 
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2.9. The Sol-Gel Process. 
The sol-gel process has been used as a chemical method for fabricating ultra-fine and high 
quality ceramic powders or glasses. The word "sol" refers to solutions formed by 
polymerisation of metalalkoxide compounds in a solution, which subsequently form a 
continuous (usually three-dimensional) network. When the network formed the sol loses 
its mobility; this means that the sol has formed "gel" 136. The gel structure can then be 
heated to higher temperatures to produce a dense ceramic or glass. 
There are two different techniques in the sol-gel technology such as the colloidal method 
and the polymerisation method. The colloidal method consists of two steps: a) formation 
of a sol by the dispersion of colloidal particles in a liquid, and b) production of a gel from 
the sol by destabilisation. The second method involves simultaneous hydrolysis and 
polymerisation of organometallic compounds, such as metal alkoxides, to form a gel with 
a continuous network137. A gel is formed through the agglomeration of ea. 2 nm primary 
particles resulting in agglomerates of secondary particles approximately 6 nm in diameter 
which are interconnected into a three-dimensional network. 
In the sol-gel process, metal alkoxides and metallic salts are broadly used as starting 
materials. In the case where metallic salts are used, sol formation is achieved by the 
reaction of the metal cation in the salt solution with water; 
M(OH)n (precipitates) nEt' (in solution) 
where M"+ represents the metal cation. In most cases the reaction is accelerated by adding 
a base. The gels obtained through metallic salts are particulate and are generally used for 
the production of flat glasses 138 
The gels obtained through metal alkoxides are basically different from the metallic salt 
gels. Due to the high degree of condensation in the production of alkoxide networks by 
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the sol-gel process, the heat treatment steps normally used for the production of glasses 
and ceramics can be omitted. In this case the inorganic oxide network is formed through 
polymerisation at low temperatures. This process is often referred to as the alkoxide 
method and is usually employed in thin film coating139• 
Metal alkoxides are popular precursors. When the alkoxide is exposed to water, the 
alkoxide reacts rapidly with water to form a hydroxide, which is converted to a metal 
oxide through dehydration or condensation reactions. Since alkoxide is immiscible with 
water a mutual inert solvent such as ethanol has to be used to promote miscibility. 
Hydrolysis and condensation reactions are catalysed in either acidic or basic environments. 
In these reactions the type of alkoxysilane, hydrolysis medium, water-alkoxysilane ratio, 
alcohol used, the nature of the catalyst and, in particular, the pH of the solution have a 
very pronounced effect on the hydrolysis and condensation reactions140. In principle, the 
reaction sequence can be separated into a hydrolysis step followed by a condensation step. 
However, as a function of acid concentration and other variables, it is possible to have 
hydrolysis and condensation reactions occurring simultaneously. Moreover, under certain 
conditions it would be possible to reach gel point without completely hydrolysing the 
initial alkoxide solution. This in turns affects the resulting microstructure141 
The overall reaction involving hydrolysis and condensation can be represented as follows; 
M(OR). + ___, M(OH). + nROH 
2M(OH). 
where M is a metal atom, R is an alkyl group, and n is the valence state of the metal. The 
by-product, ROH in the reaction, is an aliphatic alcohol and easily removed by 
volatilisation 142. 
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Although there are several metal alkoxides used in sol-gel reactions to produce high purity 
ceramics or glasses, the most widely used metal alkoxide is Tetraethoxysilane. It is also 
known as Tetraethylorthosilicate (TEOS). TEOS is preferred for toxicological reasons. 
The sol-gel process for tetraethoxysilane is composed of the following hydrolysis and 
condensation reactions143 • 
-Si- OEt + HzO 
--
-Si- OH (1) 
-EtOH 
-Si- OH + HO-Si-
--
-Si- 0- Si- {2) 
-HzO 
-Si- OH + EtO- Si-
-
-Si- 0- Si- (3) 
-EtOH 
The alkoxy-silane group is hydrolysed with either acid or base catalyst to generate a 
silanol group which is the key intermediate of the sol-gel process (Eq.l ). The linkage of-
Si-0-Si- which is the building element of silica gel is formed by the reaction between two 
silanol groups (Eq.2) or by the reaction of silanol with alkoxysilane group (Eq.3). It is 
understood that silica gel is of a three-dimensional network structure consisting of -Si-0-
Si- linkage. 
It is obvious from the above equations that the hydrolysis of TEOS results in the 
generation of ethanol. This small molecule must be removed from system for suitable 
network development and solidification. In addition, the condensation reaction of 
hydrolysed TEOS results in the generation of water, which must also be removed. 
However, water can also promote additional hydrolysis during the reaction. The removal 
of these by-products would lead to a tetrahedral Si02 network144 . As a general rule, 
anything that can be done to increase the connectivity of the three dimensional inorganic 
network will act to increase the strength and modulus of the material. 
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Very slow drying at ambient or thermal evaporation at around I 00 °C gives rise to a 
porous material with pore dimensions of less than I 0 nm and a surface area greater than 
400m2 g'1• This corresponds to a pore volume of30-50% of the total and gives a density 
in the region of 1200-1300 kg m·3. Such a solid is called a XEROGEL. In general, thermal 
drying process effectively prevents the practical and reproducible synthesis of monoliths or 
thick films with dimensions greater than a few millimetres since these objects tend to 
shrink leading to the closing up of the pores, crack and shatter. Removal ofby-products 
from tiny pores causes significant stresses resulting from inhomogeneous shrinkage. 
However, drying the gel under hypercritical conditions results in a dried gel having almost 
the same volume as the original wet gel, i.e., almost no shrinkage occurs. These solids are 
referred to as AEROGELS. In hypercritical drying, the gel is heated above the critical 
temperature and critical pressure of the liquid phase. As a result, the capillary pressure in 
the liquid phase is reduced to zero which leads to the elimination of the driving force 
causing shrinkage. This process produces a solid with an extremely low density and very 
high specific surface area145•146, 
After suitable ageing or drying under different conditions from room temperature or 
higher, the gel is subjected to higher temperatures resulting in a densification. 
Densification is obtained through the collapse of the pores by viscous flow. Depending on 
the nature and initial structure of the gel; by altering the thermal cycle, a wide range of 
densities can be obtained. 
2.10. Organic-Inorganic Hybrids by the Sol-Gel Technique. 
The polymerisation (condensation) nature of the sol-gel process enabled materials science 
community to incorporate functionalised oligomers or polymers with inorganic metal 
alkoxides on the condition that eo-condensation occurs or compatibilisation is obtained 
through a coupling agent. 
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Organic-Inorganic hybrids are essentially molecular level mixtures of hydrolysed solutions 
of ceramic-forming alkoxides and organic materials. Strong interactions and/ or chemical 
reactions between two components results in the formation of very fine domains, which 
are typically on the nanometer scale, when the solvent is removed. Unless a strong 
interaction between the oligomeric intermediate species of metal oxide from metal 
alkoxide and organic polymer molecule is effective enough, phase separation occurs 
leading to a heterogeneous translucent material which is generally brittle147• Incorporating 
chemical crosslinking between the inorganic and organic phases tends to increase both the 
Young's modulus and ultimate strength. 
The way in which hybrids are produced, in a sense, mimics nature in the biomineralisation 
process148• Depending upon the conditions and the materials employed, different 
morphologies ranging from particulate to intimately commingled interpenetrating network 
(eo-continuous) structures can be obtained. It is this fine morphology and the possibility of 
controlling it that make hybrids superior to conventional composite materials149. 
In some cases, the domain dimensions are reduced to a degree such that genume 
"molecular composites" are formed. Even, the size of the hybrid domains is smaller than 
domains of the sol-gel produced silica itself. Due to the this intimate mixing, the hybrid 
materials are often highly transparent, a property which is outside the boundaries of 
traditional composites. If the optical transparency is to be obtained, the size of the 
particles should be roughly less than 1/20 th of the wavelength of the used light (which is 
400 nm) to reduce Rayleigh scattering. The quality of the intimate mixing is also 
manifested by the lack of a definitive glass transition temperature150 Tg of the hybrids is 
either unmeasurable or substantially altered in comparison with the bulk components, 
indicating the presence of uniformly distributed polymer chains in the materials. Another 
immediate benefit of the molecular level mixing is that mismatch in the CTE of the 
components is likely to be eliminated 151 
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In general, the overall performance of such hybrids is determined by the intrinsic materials 
properties of the constituent phases. Many physical properties of these sol-gel produced 
materials could be designed and controlled by varying the nature and composition of both 
the organic and inorganic components. They follow the size dependency trends that are 
valid in conventional particulate reinforced composites. The resultant hybrid materials are 
expected to exhibit some characteristics and properties of both the inorganic part (heat 
resistance, retention of mechanical properties at high temperatures and low thermal 
expansion) and the organic part (toughness, ductility and processability) through 
synergistic effects152. The field of application of these materials is quite large, spanning the 
continuum from inorganically modified organic polymers to inorganic glasses modified by 
small amounts of organic polymers. Accordingly the mechanical properties of these 
hybrids can vary greatly and range from elastomeric rubbers to high-modulus materials. 
These organic-inorganic hybrid materials have been referred to as polymer/ sol-gel glass 
microcomposites153, interpenetrating tilamentary networks154, ormosils155, polymer-
ceramic nanocomposites156, polyceram157, ceramers158, and ormocers159. The latter stand 
for organically modified ceramics and contain very large amount of inorganic matter. The 
reverse is the case for ceramers. The precise name chosen for the organic/ inorganic hybrid 
materials should result from a clear microstructural characterisation. Nowadays ceramer is 
more widely used term in the polymer science literature and it is used throughout this 
study. 
So far numerous combinations of organic-inorganic hybrid materials have been explored 
for some specific purposes such as toughness, high temperature performance, protective 
coatings, transparency, permeability, flexibility, wettability and thermal expansion. The list 
of the studied hybrid materials is too numerous to mention. Some of the examples of 
' 
hybrids are as follows: poly(dimethylsiloxane)/ Si02 and Ti02, poly(tetramethylene oxide)/ 
Si02, Ti02, Zr02, Zn02, Ah03, poly( ether ether ketone)/ Si02, poly(vinyl alcohol)/ Si02, 
poly( tetra fluoroethylene)/ Si02, poly(methyl methacrylate)/ Si02, Ti02, poly( acrylonitrile) 
I Si02, epoxy/ Si02, Ti02, Zr02 and polyimide/ Si02, Ti02161. 
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Since a comprehensive review of the organic-inorganic hybrid materials is outside the 
scope of this study, only a concise review of the polyimide-silica hybrids will be given in 
the following paragraphs. 
Nandi et al. 160 synthesised hybrids containing high. concentrations of nanometer size silica 
and titania particles distributed homogeneously in polyimide matrices. The polyimide 
precursors chosen for this study were PMDA-ODA and BTDA-ODA. Upon curing to the 
fully imidised polymer, both polyimide precursors formed transparent, flexible, free-
standing golden-yellow films. 
Thermogravimetric analysis indicated that the polymer decomposition temperature 
decreased upon mixing with titania while the decomposition temperature was found to 
increase upon the addition of silica. 
In titania hybrids, SEM and TEM examination revealed the presence of a perfectly 
homogeneous structure. In addition, it was not possible to detect the titania containing 
species within the bulk of the hybrid film since .the size of the oxide particles present 
within the polyimide matrices was below the resolution limit (I -1.5 nm) of the 
instruments. For silica hybrids, the results were similar up to 32 % silica concentration. A 
42 % silica concentration, however, resulted in a uniform distribution of spherically 
shaped, approximately I ~m in size, silica particles. 
Morikawa et al. 161 prepared the hybrid films ofPMDA-ODA/ TEOS solutions. Hydrolysis 
of TEOS was carried out in polyamic acid solution. This heterogeneous mixture was 
stirred for 6 h until having a clear homogeneous solution. The solution was then cast on 
glass slides. Following a drying process at 60 'C, the films were cured at 270 'C for 3 h. 
The density of the hybrid films increased with increasing the silica content. Up to 70 wt% 
silica content, fairly flexible self supporting hybrid films were obtained. The decomposition 
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temperature increased slightly with increasing silica content. Higher silica content films 
exhibited higher values of storage modulus. The tensile strength and elongation at break 
decreased with increasing silica content. This was attributed to the incorporation of the 
larger silica particles. Lower silica content films resulted in lower T 8 than that of the 
original polyimide film. This was assumed to be. due to the presence of uncrosslinked 
siloxane oligomeric chains within 'the final hybrid films. The hybrid films were transparent 
up to 10 wt % silica content, while the films having silica above this limit were opaque. 
SEM examination of the opaque films showed the presence of dispersed silica particles 3-7 
J..lm in diameter. The size of the particles increased with increasing the silica content. 
Again Morikawa et al. 162 in a later study produced hybrids of PMDA-ODA polyimides 
containing ethoxysilyl groups in the polymer chain. Solutions of hybrids were prepared 
using the same procedure as above and cast on glass slides. 
With the introduction of the ethoxysilyl groups in the matrix polyimides, significant 
improvements were obtained in the optical transparency compared the previous study. 
When the silica content was kept constant, with increasing ethoxysilyl group content of 
the polyimide matrix the following observations were made: the elongation at break 
decreased and the tensile modulus increased, the values of the storage modulus increased, 
the T 8 increased, the intensity at tan o maximum decreased and silica particle size 
decreased. These observations were attributed to the formation of chemical bonds, which 
increases the stiffness of hybrid films, between the silyl groups in the matrix polyimide and 
the silica produced. 
Johnen et al. 163 produced hybrids of Ultradel I 4 I 4 polyimide/ TEOS solutions. The 
mixtures were stirred until a clear homogeneous solution forms. The solution was then 
cast on wafers. Following a drying process at 60 •c under reduced pressure, the films 
were cured at 250 •c for 3 h in a nitrogen atmosphere. 
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The resultant hybrid films were transparent. SEM examination showed no separation even 
at a magnification of 20.000x, indicating the formation of extremely small domains. The 
decomposition temperature increased and weight loss decreased with increasing silica 
content compared to both precursor materials. In the free films, the CTE was decreased 
more than 50 % compared to the neat PI. For the composite, CTE was nearly equivalent 
to a silicon wafer's CTE. It was claimed, therefore, .that any stress, which was one of the 
main problems in electronic packaging, caused by temperature changes could be minimised 
because of the similar elongation behaviour of silicon wafer and hybrid coating. 
Wang et al. 164 produced hybrids of polyimidel TMOS in the presence of high- temperature 
silane coupling agents such as aminophenyltrimethoxysilane (APTMOS). These coupling 
agents can undergo hydrolysis and polycondensation along with the tetramethoxysilane to 
form silica or polymeric silicates, while the functional groups at their other ends (such as 
the amino and chloro groups) provide good bonding with the polyimide. 
The tensile strength and modulus increased with the incorporation of even very small 
amounts of coupling agent. Addition of APTMOS reduced the particle size to 
approximately I J.tm from about 2 J.tm without adding APTMOS. The smaller particles 
with rougher surfaces were homogeneously distributed within the polyimide matrix. The 
resultant films were transparent. They concluded that the coupling agent improves the 
compatibility between the silica and the polymer. As a result of improved compatibility, 
the formation of high molecular weight silicates could be prevented leading to the 
reduction in the size of the silica clusters. 
Iyoku et al. 165 produced hybrids of PMDA-ODN methyltriethoxysilane (MTES) and or 
dimethyldiethoxysilane (DMES) solutions. The ratio of MTESI DMES were changed. 
These mixtures were dissolved either in the N,N-dimethylacetamide (DMCa) or in 
methanol. 
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At a 30 wt% silica content in the final hybrid films, all ratios ofMTES/ DMES resulted in 
self supporting films. When the DMCa was employed, all the resultant films were 
translucent. When the methanol was used as a solvent, the films with an MTES/ DMES 
ratio up to 40/ 60 were transparent. The size of the silica particles were much finer when 
methanol was employed as solvent instead of DMCa. Films obtained using the methanol 
solution exhibited slightly higher values of tensile strength. Films with a higher MTES/ 
DMES ratio resulted in a higher storage modulus and this was also same for the tensile 
modulus. When MTES/ DMES ratio was decreased, the tensile modulus decreased 
slightly. This was attributed to the presence of methyl groups which act as a soft 
elastomeric component within the filler particles. 
The more recent work on silica-aromatic polyimide hybrids by Mascia and Kioul166 was 
focused on the effect of using a compatibiliser and a silica network modifier. Small 
amounts of epoxy coupling agent, glycidoxypropyltrimethoxysi!ane (GOTMS), was added 
as a compatibiliser to the TEOS solutions in either ethyl alcohol or dimethylformamide. 
Dimethyldiethoxysilane (DMES) was used as a modifier of silica network. In this study 
two types of polyimide precursors, high molecular weight polyamic acid (PMDA-ODA) 
and low molecular weight polyamic acid (BTDA-MDA), were employed. The molecular 
weight of the polyamic acid, the type of coupling agent, the reaction time for the hybrid 
solutions and catalyst were found to have a profound effect on the morphology of the 
resultant hybrid films 167. 
Addition of an organic amine as catalyst caused a drastic reduction in gelation time leading 
to a highly transparent and very brittle hybrid films. This was attributed to the very fine 
distribution of the silica pa1iicles. The coupling agent (GOTMS) was found to have a vital 
role in changing the morphology of hybrids from a typical particle-dispersed 
microstructure to a fine bicontinuous heterophase network. It was established that the two 
phases include both organic and the inorganic components. 
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Inclusion ofDMES into the TEOS solution promotes the formation of dispersed particles. 
In this case, the size of the particles depended on whether the solution contains GOTMS 
coupling agent. In the presence of GOTMS coupling agent, the size of the particles were 
always smaller compared to ceramers without GOTMS coupling agent168 . Compatibilised 
ceramers exhibited considerably lower tan o values than non-compatibilised ceramers. 
These values does not conform the values calculated by the simple additivity rule. This 
was explained by the involvement of polyimide chains in the silicate network through the 
coupling of the two components by the GOTMS coupling agent. Curing at higher 
temperatures also resulted in a reduction in the tan o values. On the other hand, the partial 
· replacement of TEOS with DMES caused a substantial increase in peak tan o values. The 
dynamic modulus exhibited higher values at temperatures above the glass transition 
region. This was thought probably to be the result of intermolecular crosslinking reactions. 
For a 25 wt % Si02 the tensile strength showed a maximum. The elongation at break 
decreased with increasing silica content. The partial replacement of DMES with TEOS in 
the presence of GOTMS coupling agent, increased both tensile strength and elongation at 
break. 
eo-continuous type ceramer resulted in a much lower values of coefficient of thermal 
expansion (CTE) than the DMES modified particulate type ceramer. This effect became 
larger at temperatures above the T 8 of the polyimide due to the suppressed molecular 
relaxations. In eo-continuous type ceramers, the CTE is sensitive to the presence of 
absorbed moisture, which led to large negative thermal expansion coefficients at 
temperatures below I 00 "C. 
The attraction of sol-gel prepared hybrid materials is that very fine uniform coatings can 
be applied onto various substrates by a simple dip-coating procedure169. This criterion is 
crucial in fibre coatings as some problems were encountered regarding the thickness and 
uniformity of coatings in previous fibre coating studies. 
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2.ll Adhesion of Ceramers. 
Since ceramers are a new generation of materials, there is not much information in the 
open literature regarding the adhesion of ceramers to glass or plastic substrates at the time 
of writing of this report. 
Polyimide is a chemically stable polymer; especially after the imidisation is completed. In 
the electronics industry in order to improve the adhesion of polyimide to metal and 
ceramic substrates silane coupling agents are normally employed. 
The aminosilane coupling agent y-aminopropyltriethoxysilane is one of the most widely 
applied coupling agent170. It has been used to promote adhesion between polyimide thin 
film and mineral surfaces such as native-oxide silica, alumina and various glass 
ceramics171•172• This coupling agent is also known as 3-APS, y-APS, APS or A 1100 ( 
Union Carbide). 
The mechanism for the interaction of the bifunctional aminosilane with the mineral surface 
is the subject of much speculation, although it is conjectured by Linde173 that the amine 
end initially forms an electrostatic bond with the surface hydroxyls of the silica substrate. 
Following this, possibly as the result of high temperatures, the silanol end of the molecule 
proceeds to form a siloxane-like bond with the surface and the amine end 'flips up' to point 
away from the surface. Finally, this strong alkyl amine interacts with the polyamic acid thin 
film precursor. 
Buchwalter and Lacombe174 used APS on fluorine contaminated silicon dioxide (F-Si02). 
The APS adhesion promotion both for F-Si02 and polyimide film was studied by peel tests 
as a function of the ambient humidity. The peel strength was four times higher than for the 
nontreated specimens. 
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Buchwalter et al. m applied APS onto Si02, Ah03 and MgO substrates. They studied the 
effects of temperature and humidity exposure on the adhesion to polyimides. The result 
was that after 100 h exposure to temperature and humidity APS treated samples showed 
only 10 % loss in peel strength while nontreated samples exhibited I 00 % loss in peel 
strength. 
Lund et al. 176 applied APS on to native-oxide silica surface. NMR studies showed that 
nitrogen -15- enriched APS amine ultimately forms an imide bond with the polyimide thin 
film. 
Since the ceramer employed in this project is mainly polyimide rich, the aforementioned 
route i.e. APS coupling agent was chosen to improve the adhesion between glass sheet 
and the ceramer coatings (denoted as I. coupling agent layer) in model composites. 
Although no attempt was made to elucidate the nature of coupling mechanism of ceramer 
coatings, a mechanism similar to polyimide coupling is expected to operate in the 
interfacial region. 
In this case the use of ceramer coating as an interlayer necessitated the presence of a 
coupling agent between the ceramer coating and the matrix material, which is an epoxy 
adhesive for the model composites. Again the APS coupling agent was employed for this 
purpose which is denoted as !I. coupling agent layer. 
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CHAPTER3 
EXPERIMENTAL 
3.1. Materials. 
The materials used in this study are described below: 
3.1.1. Polyimide Precursors: Polyamic Acids (PAA). 
Two types of commercially available polyamic acids were employed to produce the 
polyimide component for the preparation of silicate hybrids. The details of these materials 
are as follows: 
1) Pyre ML- RK 692 from Du-Pont de Nemours. 
Pyre ML is a 14 % solid polyamic acid solution in a solvent mixture of N-methyl-2-
pyrollidone (NMP) and xylene. This polyamic acid is a high molecular weight system (Mw 
is believed to be approximately equal to 28,000178), formed by the reaction of 4,4' 
oxydianiline (ODA) and pyromellitic dianhyride (PMDA), i.e. 
0 0 gxxg 
Ho_... I "" 'oH 
~ H -
N-C C-N-U 0 
H 11 11 ---v--
0 0 
n 
Pyre ML is used mainly as a coating material (enamel) for wires in motors, generators, 
transformers and other equipment which operate at temperatures up to 250 •c. 
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2) Skybond 703 from Monsanto Chemicals. 
This is a 63-67 % solid polyamic acid solution in a solvent mixture of N-methyl-2-
pyrollidone (NMP) and ethanol. It is formed by the reaction of methylene dianiline (.MD A) 
and benzophenone tetracarboxylic dianhydride (BTDA), i.e. 
0 0 0 gvgug H HO' '-": '-": 'OH I '~ '~ ·"""'? '-":;: N-C C-NVH'O H 11 11 H 1 ~ ~ 
0 0 
n 
Skybond 703 is a low molecular weight (No figures have been found in the relevant 
literature. However, Mw is believed to be in the region of 5,000 which is substantially 
lower than Pyre ML) polyamic acid with high temperature resistance properties. It is 
specially developed for carbon fibre composite applications and use temperature is in the 
range 200-250 •c. 
3.1.2. Alkoxysilanes (Silica precursors). 
a) Tetraethoxysilane (TEOS) from Jahnssen Chimica. 
This is a 98 % pure and transparent white liquid, having a specific gravity of 0.933 and a 
boiling point in the range of I 63- J 67 "C. The chemical structure ofTEOS is 
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b) Dimethyldiethoxysilane (DMES) from Petrarch Chemicals. 
It is a pure white transparent liquid with a boiling point of 114 'C. Its chemical structure is 
CH3 
§i-OC2Hs 
C2HsO_... 'CH3 
Since DMES is difunctional, it will hydrolyse and condense to a linear polysiloxane. In 
this investigation DMES is used as a linear modifier of the silica network formed from the 
condensation of tetraethoxysilane (TEOS). 
3.1.3. Silane Coupling Agents. 
a) y-Glycidoxypropyltrimethoxysilane (GOTMS) from Jahnssen Chimica. 
In this study this coupling agent is used as compatibiliser of the alkoxysilane species and 
polyamic acid. It is a transparent white liquid with a boiling point of260 'c. Its chemical 
structure is 
b) y-aminopropyltriethoxysilane (APS) from Jahnssen Chimica. 
In this study APS (as explained in previous chapter) is used as an adhesion promoter 
between the glass slides and the cera mer coatings and between ceramer coating and the 
epoxy matrix material. The chemical structure of APS is 
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3.1.4. Solvents and Water. 
a) Ethanol from Aldrich Chemical. 
This is an anhydrous, denatured alcohol with 5 % isopropyl alcohol and 5 % methyl 
alcohol. In this study ethanol was used to create a single phase mixture for alkoxysilane/ 
water systems. Addition of alcohol allows the alkoxide and water to become miscible. 
b) Dimethylformamide (DMF) from Aldrich Chemical. 
It is a 99% pure DMF, having a boiling point between 152 'c and 154 'c. In this study 
DMF is used as miscibiliser/ compatibiliser for alkoxysilane solution/ polyamic acid 
. solution systems. 
c) Xylene from Aldrich Chemical. 
Xylene is used for the removal of size binder present on the glass fibre surfaces. 
d) Water. 
In this study distilled water was used to hydrolyse the TEOS component of the ceramer. 
3.1.5. Catalyst. 
Hydrochloric acid (32 % by weight solution) was used as acid catalyst both for the 
alkoxysilane solution and for epoxy coupling agent solution. 
3.1.6. Glass Slides for Lap Shear Tests from Agar Scientific. 
The glass slides used in this study are 6 mm thick knife glasses. This thickness was 
necessary to prevent glass failure during the test. The dimensions of these knife glass 
sheets are 6 mm thick, 25 mm wide and 450 mm long. Slides were cut into required size 
by using a knife maker. The reason for using this somewhat special glass was its finely cut 
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sides eliminating notch sensitivity which is very· problematic in glass mechanical tests. 
Knife glass was proved to be suitable in this investigation. 
3.1.7. Adhesive Film fi·om Scotch-Weld 3M. 
The adhesive film used in this study was structural adhesive film. It is a thermosetting 
modified epoxy structural film with a knit supporting carrier. This epoxy adhesive was 
used as a matrix material in model composites which were constructed using knife glass 
slides. 
3.1.8. Glass Fibres from Vetrotex UK. 
The glass fibre used was an untwisted roving wound on a large cheese. It consisted of 13 
t.tm diameter filaments with a tex of 300, coated with an epoxy compatible size, believed 
to contain y-aminopropyltriethoxysilane coupling agent. 
3.1.9. Epoxy Resin (Epikote 828) from Shell. 
Epikote 828 epoxy resin is commonly used in industry as a matrix material because of its 
ease of handling, high chemical resistance and the mechanical properties of the cured 
product. It is made by reacting liquid bisphenol A with epichlorohydrin to give a low 
molecular weight, medium viscosity (number average molecular weight equal to 380) 
diglycidyl ether ofBisphenol A (DGEBA). 
3.1.10. Hardener from Jahnssen Chimica. 
Hexahydrophthalic anhydride (HHPA) hardener was used as the curing agent for the 
epoxy resin. It is a white crystalline solid with a melting point of 35 °C. When used in 
epoxy resins it results in stable products with excellent mechanical and electrical properties 
and gives almost colourless laminates177. 
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3.1.11. Accelerator from Aldrich Chemicals. 
A liquid tertiary amine accelerator, N,N-dimethylbenzoylamine (or known simply as 
Benzyldimethylamine, BDMA), was used to shorten the curing time. It is widely used as a 
catalyst in anhydride cured epoxy systems. When HHPA hardener is used, the curing is 
normally catalysed by I part by weight ofBDMA per hundred parts (phr) of resin. 
3.2. Preparation of Alkoxysilane Solutions. 
Two types of alkoxysilane solutions were prepared for studies in ceramers. The first was 
based on TEOS/ GOTMS mixture leading to an IPN structure in ceramers irrespective of 
the polyamic acid solution used. The reason for choosing GOTMS as a coupling agent is 
that it has been found to be very effective for the compatibilisation of polyamic acid and 
silica solutions by previous workers at Loughborough, as already indicated in the literature 
survey (seep. 65) and also in the discussion chapter (see section 5.1). The second was 
prepared by modifYing the above mixture using DMES to partially replace the TEOS 
component. The addition ofDMES toughens the silicate network through the reduction in 
the crosslinking density of the network. This in turn leads to the changes in the 
morphology of the ceramer from eo-continuous to particulate especially when the high 
molecular weight polyamic acid (PYRE-ML) is used. 
The detailed formulations are presented in tables 3 .I and 3 .2. The alkoxysilane solutions 
were stirred until they became homogeneous. After preparation, mixtures were left 16 
hours for maturation. These alkoxysilane mixtures were either mixed with polyamic acid 
solutions to obtain ceramer solutions or used directly after being diluted by ethanol with 
respect to the required dilution. 
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Table 3.1 Alkoxysilane solution based ?n Tetraethoxysilane (TEOS) and 
Glycidoxypropyltrimethoxysilane (GOTMS) mixtures(% by weight). 
TEOS GOTMS H,O HCI[32 wt %) C2HsOH 
62 8 12 2 16 
Table 3.2 Alkoxysilane solution based on TEOS/GOTMS and Dimethyldiethoxysilane 
(DMES) mixtures(% by weight). 
TEOS GOTMS DMES H20 HC1[32 wt %) C2HsOH 
50 7 10 21 2 10 
The above formulations in the two tables are optimised formulations from the work of 
Kioul and Mascia167• The reason for the difference in the water/ethanol ratios is that, as 
already mentioned in sections 4.1 and 5.1, DMES accelerates the hydrolysis reactions 
therefore the generation of ethanol due to the hydrolysis reactions (see section 2. 9) takes 
place in a short time. This quickly generated ethanol also takes part in the further hydrolysis 
reactions, which reduces the need for extra ethanol for formulations with DMES. 
3.3. Preparation of Cera mer Solutions. 
Matured alkoxysilane solutions were mixed with polyamic acid solutions to obtain ceramer 
solutions. The alkoxysilane solution was added drop-by-drop into the stirred polyamic 
acid solutions in a glass tube (open system). Various ceramer solutions were prepared 
. using different concentrations of the alkoxysilane/ polyamic acid solutions which are given 
below: 
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a) lOO% polyimide as control, 
b) 75% polyimide/ 25 % Si02, 
c) 50% polyimide/ 50% Si02, 
d) 25% polyimide/ 75 % Si02, 
e) IS% polyimide/ 85% Si02, 
t) lOO% Si02 as control. 
Ceramer solution mixtures were heated at 80 'C for J 0 minutes, I hour, 2 hours or 4 hours 
for removing the solvent and inducing compatibilisation reactions. Ceramer solution 
mixtures were also diluted by dimethylformamide in various amounts to obtain coatings 
with different thicknesses. Diluted solutions were kept in air tight plastic containers. The 
production of these types of ceramers by the sol-gel process is shown schematically in 
figure 3.1. The silica (Si02) content given in the above list denotes the values calculated 
by assuming that the sol-gel reaction proceeded completely. 
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Silica precursor 
(TEOS) 
Network modifier 
(DMES) 
Water 
Solvent 
(Ethanol) 
Catalyst (HCl) 
Clear solution 
Mixing 
Polyamic acid 
Ceramer solution 
Drying at 80 °C for solvent 
evaporation 
Gel 
Curing up to 400 °C for total 
loss of water and solvent 
Solid Ceramer 
Fig.3.1 Sol-gel process for the production of polyimide-silica ceramers. 
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3.4. Preparation of Coupling Agent Solution. 
A 95/ 5 ethanol/ water mixture (according to manufacturer's literature) was first prepared 
and then coupling agent was added slowly to this mixture by stirring. In this study epoxy 
(GOTMS) and amine (APS) coupling agents were employed at varying concentrations i.e. 
0.5 %, 1 %, and 2 % by weight. The pH of epoxy coupling agent was adjusted to 4.5-5.5 
by the addition of HCI. A dip coating method was used for the application of coupling 
agents on to glass sheet surface (model composites) and in the glass fibre surfaces. These 
were previously treated as required i.e. washed in xylene, heat treated or coated with 
ceramer solution. 
3.5. Model Composites. 
In order to quickly evaluate the interfacial behaviour of ceramer interlayers within coated 
fibre composites, a model composite was produced by using glass sheets as fibres and an 
epoxy adhesive as matrix material. The details of the development, production and testing 
of model composites are given below. 
3.5.1. Development of Compression Double Lap Shear Test Specimens. 
The development of a suitable test specimen for ceramer coated glass slides consumed a 
considerable amount of time. The relatively high strength of the ceramer coatings 
necessitated the use of at least similar or slightly higher strength matrix material (for the 
purpose of model composites it was an epoxy adhesive film see 3 .I. 7) in order to be able 
to emphasize/ measure the strength of ceramer coating and/ or the interfacial adhesion. 
This in turn necessitated the use of thick and relatively notch free glass slides in order to 
prevent glass failure during the test. 
In fact the first intention was to test only polyimide and/ or ceramer films by lap shear 
specimens without employing epoxy adhesive. Unfortunately, an attempt to make a 
polyimide lap shear specimen was not successful because the solvent was trapped inside 
the adhesive layer and no bonding was able to develop. 
Several modifications were made such as shortening of glass slide length, employing 
compression test instead of tensile test to be able to use this single lap shear test 
configuration. However, these attempts were not successful due to the gripping problems 
(slipping) and misalignment of lower and upper jaws of testing machine. 
Eventually the idea to do single lap shear tests was abandoned. Instead a double lap shear 
test was adopted for use in a compression mode. Three glass slides were overlapped, two 
outer glass slides being on the same level, middle glass slide was protruded so that a 
certain shear distance can be obtained. During the assembly of compression double lap 
shear specimens care was taken to align the glass slides parallel to the compression 
fixtures of the testing equipment. Clearly in such a composite test specimen, alignment is 
important and there are many potential sites and modes of failure. To ensure the alignment 
a simple fixture was employed. This alignment fixture is given in figure 3.2. 
A narrow (2 mm) band of epoxy adhesive film was applied along both sides of double lap 
shear specimen. The very small width of the adhesive film was necessary to prevent glass 
failure. This double lap shear specimen was tested under compression resulting in shear 
forces at the interfaces. Although this attempt gave reasonable results, two problems were 
encountered. The first was the tilting of glass slides and the second was the premature 
failure of some of the specimens due to cutting defects. 
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6mm 
Fig.3.2 Compression double lap shear specimen alignment fixture. 
The first problem was overcome by the application of two narrow (2 mm) and short (I 0 
mm ) band of epoxy adhesive films -or in other words epoxy adhesive islands- on both 
sides of double lap shear specimens. This ensured the alignment at first hand and also 
during compression testing. In this case, it was necessary to have the ability to make the 
epoxy adhesive island arbitrarily small. However, the epoxy adhesive island must not be so 
small that the interfacial shear strength can not be measured truly. In other words, while it 
may be necessary for the epoxy island to be as small as possible in size so that the 
compression strength of the glass sheet will not be exceeded in measuring the interfacial 
adhesion, it is necessary for the epoxy island to be bigger in size in order that the real 
value of the interfacial adhesion be obtained. In the meantime the problem associated with 
notches in the glass sheet was solved by the availability of knife glass (see 3.1.6). Thin 
strips of cardboards (-0.25 mm thick) were used as spacers to control the thickness of the 
resulting adhesive film. The curing of the epoxy adhesive was carried out at 120 ·c for I 
hour in an oven. 
The final and successful design of compression double lap shear test specimen is given in 
figure 3.3. This configuration was proved to be suitable to provide a rapid comparative 
measure of bond strengths. However preparation of compression double lap shear test 
specimens from start to finish is very time consuming and requires great care. In this case 
80 
it is believed that this test is simpler and quicker than tests involving pulling single fibres 
from blocks. 
glass slide epoxy adhesive 
I I 
I I 
Fig.3.3 Compression double lap shear test specimen. 
Although the above configuration recalls for a stress intensification especially due to the 
size and location of epoxy adhesive films, no serious problems such as premature failure 
were encountered during testing of compression double lap shear test specimens. 
3.5.2. Preparation of Glass Slides for Compression Double Lap Shear Test Specimen 
Construction. 
The work was carried out using 6 mm thick sheets of knife glass. The glass sheets were 
cut to 25 mm length using a knife maker. The width of glass slide was 25 mm as received, 
therefore, the final dimensions of glass slides were as follows: 
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length 
width 
thickness 
:25 mm, 
:25 mm, 
:6mm. 
All glass slides were dipped in isopropylalcohol (IPA) and wiped by using a tissue paper. 
Cleaned glass slides were then dipped in the coupling agent solution (I. Coupling agent 
layer) and left to dry at room temperature in air for about 30 min. to remove the alcohol. 
Further heating at 110 'c for 10 min. (according to manufacturer's literature) was carried 
out to completely dry the coupling agent. 
Coupling agent treated glass slides were then coated with 10 % concentrated ceramer 
solutions by a dip coating method. Ceramer coated slides were left to dry at room 
temperature in air for about 30 min. This was followed by a stepwise heat treatment to 
fully imidise the ceramer coating. Except in some special cases, the following curing 
sequence was adopted: 
i. room temperature drying 30 min 
11. lOO °C 30 min 
iii. 200 °C I hour 
IV. 300 °C I hour 
Where the coupling agent is employed, it is also subjected to the above ceramer curing 
sequence, which is not very common for a coupling agent in conventional composites to 
undergo such a high temperature treatment. This curing sequence was simulated with only 
coupling agent treated samples to find out the effects of high temperature curing of 
coupling agent on the resulting strength. 
Where the application of a coupling agent layer between the ceramer coating and the 
epoxy adhesive film was intended (ll. Coupling agent layer), this was carried out after 
S2 
drying the ceramer coating at 100 oc for 30 min. The reason for this treatment is to 
ensure that the coupling agent reacts with both the ceramer coating and the epoxy 
adhesive film. The sequence of coupling agent treatments and ceramer coating on a glass 
slide specimen is given in figure 3.4. 
Glass slide 
l. coupliug agent 
layer 
Ceramcr 
coating 
11. coupling agent 
layer 
Fig.3.4 The sequence of coupling agent treatments and ceramer coating on a glass slide 
specimen. 
The details of the glass surface treatments will be given in next chapter for each type of 
test. 
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3.5.3. Testing of Compression Double Lap Shear Specimens. 
Sellotape strips were placed upper and bottom sides of cured double lap shear test 
specimens to provide some sort of cushion between the metal surfaces of testing 
equipment and glass surfaces. This sellotape strips ensure that any premature glass failure 
will not occur due to frictions or interactions between metal and glass surfaces. 
These specimens were then placed between compression test fixtures of an lnstron tensile 
testing machine. The interfacial shear strength was determined by loading five test 
specimens for each type of surface treatment in compression at a loading rate of 0.2 mm/ 
min. Load-extension curves were recorded by a chart recorder. As expected different 
ceramer formulations and surface treatments and drying conditions resulted in different 
level of shear strengths. 
3.6. Production of Composites. 
3.6.1. Removal of Size Binder from Glass Fibre Surfaces. 
Before applying silica or ceramer coatings, the size binder on the glass fibre surfaces was 
removed with the help of a solvent. This resulted in relatively clean and separated 
filaments which are important preconditions in the uniform coating of fibres. To 
accomplish this task a laboratory-scale continuous process apparatus which is simple and 
cheap, consisting of plastic wheels driven (using friction forces) by a stirrer motor, was 
set up and placed in a fume cupboard. The fibres wound on a large cheese were passed 
through a glass flask containing hot (70 "C) xylene heated by an electric heater and wound 
onto the plastic wheel by the rotating action of a stirrer motor. The desizing process is 
shown in figure 3.5. The reason for heating the xylene is to accelerate the dissolution of 
the size on the fibres by the solvent. During the removal of the size binder the possible 
minimum speed of about 65 cm/ m in was adopted to increase the dwelling time of fibres in 
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the hot xylene bath since the length of solvent container is rather small. The cleaned fibres 
were then left in the fume cupboard to dry overnight before being coated. 
nylon wheel 
wheel holder 
glass flask glass fibre 
Fig. 3.5 Fibre desizing process. 
However, in order to examme fUiiher the influence of the nature of the interphase, 
additional treatments other than coatings were carried out on washed fibres. These are 
given below: 
1) The washed glass fibres, which wound onto a steel frame, were heated in a furnace at 
200 °C and 300 °C each for I hour to completely remove any commercial sizing on the 
fibre surface. 
2) The above treatment was repeated for washed glass fibres, which were wound onto a 
steel frame. After cooling down to room temperature the fibres were treated with a 0.5 % 
amine coupling agent solution and left to dry. After drying, the fibres were heated in an 
oven at 110 °C for 10 min to finally remove all traces of solvent. 
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These treated glass fibres were used to make composites as described in this chapter and 
the properties evaluated. 
3.6.2. Coating of Glass Fibres. 
Desized/ washed glass fibres were passed through a coating solution (mainly I % and 4 % 
by weight) filled in a plastic container. This is essentially a simple dip coating technique 
using the same apparatus set up for the removal of size binder. Two plastic wheels, one of 
which rotated by stirrer motor, were employed. The coated fibres were wound onto the 
second plastic wheel. This coating process is shown in figure 3.6. Again, the possible 
minimum speed was employed firstly to ensure complete wetting of individual filaments, 
secondly to ensure the draining of excessive solvent through the gravitational effects and 
thirdly to ensure obtaining as minimum a damage on fibres as possible. In the coating 
process penetration of the solution into the fibre bundle must be ensured so that each of 
the many hundred filaments is equally well coated. 
wheel holder nyl n wheel 
nylon wheel 
plastic container 
stirrer motor 
Fig. 3.6 Fibre coating process. 
The preparation of one composite specimen required approximately 120 metres of coated 
fibres. Therefore more than three hours of coating time is required by this method. 
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During the earlier coating trials, to assist further in draining the excess solvent and to 
separate the filaments for all-round coating, the roving was passed through a hot air jet 
(supplied by a hair dryer). However, the hot air jet dried out all solvent present within the 
coating solution, including the NMP (N-methylpyrrolidone) which is a necessary 
ingredient for the imidisation reactions of polyamic acid. In the absence of enough NMP, 
imidisation leads to the precipitation of partially imidised polyamic acid. This was 
manifested by the presence of opaque yellowish film or powdery appearance on the glass 
fibres which means that the polymer was converted to its final insoluble, infusible form 
before the formation of a really imidised film. The precipitation problem is specially 
pronounced in the case of thin films due to the faster loss of solvent which leads to earlier 
vitrification and slowing down of the imidisation reactions178 . Therefore, the application of 
hot air jet was abandoned. Cold air jet was also abandoned for the above reasons. Also, as 
a precaution, a 10 % NMP is added to the DMF diluted ceramer solutions with a view to 
decreasing the possibility ofNMP starvation ofpolyamic acid species. 
In fact, both the effectiveness of hot xylene cleaning treatment and the very low viscosity 
of coating solution did not necessitate a jet air assisted separation of filaments to obtain an 
ail-round coating of fibres. 
The coated fibres were wound onto steel frames while they were still wet (wet winding 
being employed to keep the NMP within the coating layers to a certain extent) and cured 
in a closed oven in a stepwise fashion at I 00 •c for 30 min, 200 'C for I h, 300 'C for I h 
(which was termed as standard cure in results section) and in some cases also at 400 'C 
for 1 h. Since ail the evaporated solvent did not escape from the heating chamber, it is 
expected that the remaining solvent has acted as a solvent vapour around the coated fibres 
until the later stages of imidisation, thereby assisting the imidisation to undergo 
completion. This procedure proved to be appropriate in solving the above mentioned 
phase separation problem. The coated/ cured fibres were kept in a dust free container until 
used for composite preparation. 
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Also, a series of controlled experiments were performed where an interphase gradient was 
produced in order to explore the effect of partially cured polyimide/ ceramer interlayers on 
the resultant composites. This was achieved by subjecting the ceramer interlayered fibres 
to partial cure i.e. different degrees of imidisation. 
Since the fibres are wet and are separated following the coating process, the filament 
winding machine has caused a substantial damage to the fibres, such as fibre breakage and 
coating abrasion. For this reason, the filament winding was performed by hand in order to 
minimise the possibility of such damage. This consumed a considerable amount of time 
and required great care to ensure a uniform fibre distribution and good alignment of fibres 
within each composite. 
Coating of the fibres adds material to the fibre surface. The amount of material deposited 
on the fibres and, therefore, the thickness of the coatings on the fibres are controlled only 
by the concentration of coating solutions, since the speed (which is the other process 
parameter in determining the amount of deposition on the fibres via the time of immersion) 
was kept constant during the entire study. As anticipated, a high concentration in the 
solution promotes the formation thicker coatings. This is most likely a combined effect of 
increasing viscosity and increase of solid content in the solution. Accordingly, more 
coating material is attached on the fibre. This is in agreement with previous findings. 
The effect of changing the amount of coating on the individual fibre bundles could be 
detected visually. In the case of thin coatings (obtained from I% concentrated solutions) 
there was no sign of filament sticking, leaving all the individual filaments free to move 
within the bundle. Thus, the thin coated bundles could be considered not to be self 
supporting. However, in the case of thick coatings (from 4 % solutions) there was a 
tendency for the individual filaments to stick to each other giving a relatively stiff, self 
supporting fibre bundles. After the drying and imidisation process, thick coated fibre 
bundles behaved like a rigid rod. Since the coatings are not soluble within the resin matrix, 
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the cooperative behaviour of filaments made the resin impregnation relatively difficult, as 
explained in section 3.6.4. 
In order to determine the amount of coating on the fibres a comparison was made between 
the weights of a certain length desized fibres and a certain length of coated fibres taken 
from different regions of the total length. However, this proved to be unreliable since the 
compared pieces of fibres are totally from different parts of fibre rovings. In a second 
attempt, certain lengths of coated fibres taken from different regions of the total length 
were pyrolsed in a furnace at 600 •c for 3 hours and the weights before and after pyrolysis 
was recorded. The weight loss is attributable to the degradation of the coating which 
permits a quantitative statement to be made with regard to the coating weight fraction. 
Moreover, an attempt was made to measure the thickness of coatings through the polished 
and tetramethylammonium hydroxide, which is a polyimide etch 179, etched cross-sections 
of composites using optical microscopy. This, however, was not successful due to the very 
low thickness of the coatings which was beyond the resolution ofmicroscopy. 
The morphology/ topography of the coated fibres was examined by Scanning Electron 
Microscopy and compared with the fibres as received and the washed/ desized fibres. 
3.6.3. Preparation of the Matrix Material Solution. 
The quantities of components (given as parts by weight) used in the preparation of the 
matrix material solution are · 
i) Epoxy resin 1 00 
ii) Hardener 80 
iii) Accelerator 
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The amount of matrix resin mixture necessary for one sample of composite was found 
after the early composite production trials, adding 10 % excess resin to this amount. The 
solid hardener was melted at 40 •c and slowly added to the epoxy resin kept at 60 •c. 
This mixture was stirred until the two components miscibilised, then the accelerator was 
added to the system. The efficiency of mixing was judged by the amount of cloudiness 
visible during the procedure. Well mixed matrix material solutions appear clear, therefore 
mixing was terminated when this condition was reached. During the above mixing 
procedure the resin mixture container was kept on a heater at 60 •c in order to reduce the 
viscosity of the system. Low viscosity eases the mixing of the components of the matrix 
material. The inherent low viscosity of the above resin-hardener mixture made the system 
particularly suited to impregnate the fibres prior to the pressing operation. This mixture 
was then placed in a hot vacuum oven at 60 •c for ten ·minutes to facilitate the removal of 
air bubbles before being worked into the ftbres. 
The above mixture was also used in the preparation of neat epoxy samples for dynamic 
mechanical thermal analysis and thermal expansion tests to find out the net effect of epoxy 
matrix material. . 
3.6.4. Preparation of Composites. 
As mentioned in section 3.6.2. the fibres were wound onto steel frames by hand. After a 
few trials, a total of sixteen passes giving thirty two layers (each layer having sixteen 
windings) were adopted to produce composite slabs with a fibre volume fraction of about 
65 %. Such a high level of fibre content was chosen to reduce the possibility of formation 
of voids within the composite. The resulting composite samples had a thickness of 2 mm. 
The previously prepared fibre-wound frames (see section 3.6.2) were heated to 100 •c in 
an oven before being impregnated by the resin. This was useful for easy penetration (via 
the reduced viscosity) of the matrix resin. The hot frame was removed from the oven and 
placed between two supports. Then the previously prepared matrix resin (see section 
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3.6.3) was poured slowly in and around the centre of the frame and worked into the fibres 
and dragged away from centre by using both the bottom part of stainless steel spoon and 
glass rods. Wettability of fibres was achieved easily and was not a concern in this study. 
This continued until nearly half of the resin was used up. The frame was then turned 
upside down and the above process repeated for the other side of the frame/ fibres using 
the remaining matrix resin. In the case of fibres with thick coatings (from 4 % diluted 
solutions) individual filaments tended to stick to each other after curing, making the 
impregnation relatively difficult compared to the thin coatings. The insoluble nature of the 
ceramer coatings in matrix resin restricted the flow of the resin into the fibre spacings. 
Therefore special attention had to be paid during the working the resin into the thick 
coated fibres both to assist the penetration of the resin and to avoid damaging fibres and 
coatings on the fibres. 
The resin impregnated frame was then placed in a hot (at 60 °C) leaky mould treated with 
a silicon release agent. The reason to heat the mould was to avoid the chilling of the 
matrix material solution on the relatively cold surfaces of the mould. The leaky mould was 
placed in a hot vacuum oven at 60 oc for I 0 minutes to minimise natural voidage. During 
this process the top of the mould was left open to allow for the evolution of bubbles left 
from the mixing procedure or trapped during the working of the resin into the fibres. 
Following the degassing step, the previously heated (60 °C) and silicon release agent 
applied the top part of the leaky mould was closed down to the 2 mm thick spacers by six 
steel bolts (three bolts on each side). These steel bolts provided a uniform compression 
force to squeeze the excess resin and to expel the entrapped air from both ends of the 
mould. The closed mould was then placed in a hot oven at 60 oc and kept at this 
temperature for 4 hours in order to further assist fibre impregnation and complete removal 
of entrapped air. Then, the temperature of the oven was increased to 120 °C and the 
mould kept at this temperature for 20 hours (curing stage I) to cure the matrix material. 
After curing, the mould was removed from the oven and left to cool naturally to room 
temperature. After cooling, the frame was taken out of the mould and the resulting 
composite slab (56 mm wide X 100 mm long X 2 mm thick) was cut out of the steel frame 
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by a hand saw. Free composite slabs were then post cured at !50 'C for 3 hours followed 
by a second postcure at 180 "C for I hour. The procedure which was followed (as 
explained above) in the production of composites resulted in relatively void free composite 
slabs containing washed or interlayered fibres. Composites containing heavily coated 
fibres, however, resulted in having some void. One interesting point no note is that 
unwashed fibres gave rise to slightly cloudy composites. The reason is that the sizing does 
not dissolve completely into the matrix resin during the duration of the impregnation of 
the fibres. 
Pieces approximately 5 mm long were cut off from each end of the composite slabs. 
Specimens for all the mechanical/ thermomechanical tests were carefully cut (slightly 
oversize) from the composite slabs by using a diamond powder coated circular cutting 
wheel according to specifications of each test method. The final dimensions of these 
specimens were obtained by hand grinding using successively fine i.e. 400, 600 and 800 
grit silicon carbide papers. Grinding also helped to have flat parallel faces and removed 
excess resin or other shallow surface defects. The cut edges were also smoothed flat and 
parallel, and the samples were then kept in a desiccator prior to testing. 
The fibre weight fraction of the composites was calculated by pyrolysing the matrix resin. 
Two small samples were cut from the centre area of each composite slab and weighed in a 
pre-weighed ceramic crucible. The crucible containing small composite samples was then 
put into a furnace and kept for 3 hours at 600 "C to burn the matrix resin. This procedure 
completely burns off the matrix resin and the organic component of the coatings on the 
fibre surface. After cooling, the crucible was reweighed and the amount of residue used to 
calculate the weight fraction of fibres in the produced composites. 
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3.7. Preparation of Free Films. 
In order to evaluate the morphology/ microstructure and thermomechanical properties of 
the ceramers in their free states, polyimide and ceramer films were prepared with varying 
compositions and curing conditions. The procedure is as follows: 
Pyre-ML, Skybond 703 polyimide fllms and the respective ceramer tilms produced from 
these polyimides, with and without DMES. modification, were cast on glass slides using a 
doctor blade and air dried in a dust-free chamber until tack-free. All the ceramer solutions 
were homogeneous before casting on the glass slides. Following I hour drying at 80 'C to 
remove excess solvent as well as to develop the siloxane network of silica, the films were 
peeled off from the glass slides, assisted by immersing the slides in hot water at 60 'C. The 
peeled films were then left briefly to dry and placed between two glass sheets and put in an 
oven under weight for the imidisation process in steps, i.e. I hour at 100 'C, 200 'C, 300 
'C and 400 'C. 
Ceramers produced by using high molecular weight polyimides resulted in tougher films, 
which were easy to handle, than the ceramers obtained with low molecular weight 
polyimides. The resulting films were in the thickness range of 80- I 00 ~-tm and were used 
for both morphology/ microstructure (SEMI TEM) studies and thermal expansion 
measurements. 
3.8. Evaluation of Microstructure and Mechanical/ Thermomechanical Properties of 
Composites. 
3.8.1. Jnterlaminar Shear Strength (ILSS) Test. 
The interfacial strength depends greatly on the ability of the material adjacent to the fibre 
surface to support loads. In continuous fibre reinforced composites, both the interfaces 
and the thin zones of pure matrix between the fibres are potential sites of failure. 
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Therefore any external force that sets up shear stresses along these sites can initiate 
interlaminar failures. These occur when composite plates are loaded in flexure when the 
span-to-depth ratio is very small180• The interlaminar shear strength test, being essentially a 
three-point bending test with a short span-to-depth ratio, is also known as short beam 
shear test. 
This test involves loading of unidirectional laminates in such a way that failure occurs in a 
shear mode parallel to the fibres. This method is commonly used (in spite of some 
shortcomings) in measuring the interfacial strength of composites. Accordingly, this was 
deemed to be a suitable test method to determine the effect of fibre coatings on the 
interfacial strength of composites. The results, however, must be considered on a 
comparative basis within one material system since non-linear response can be expected to 
influence the distribution of stress across the section and reduce the value of the maximum 
shear stress181 • 
In this study, the British Standards 3-point bend test method182 was employed using a J J 
Lloyd test machine. At least 5 specimens ( 12 mm long-fibre direction-, I 0 mm wide, 2 mm 
thick) were tested in the longitudinal direction at a loading rate of I mm/min with a span 
length of I 0 mm (which gives a span to thickness ratio of 5: I). 
The apparent interlaminar shear strength (ILSS) cr, was calculated using the equation 
given in the quoted test, i.e. 
cr= 0. 75F I bh 
where 
F is the force at fracture, 
b is the width of the test specimen, 
h is the thickness of the test specimen, 
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All the tested specimens were examined to ensure that failure had occurred by interlaminar 
shear. Those samples that did not fail by this mode were not counted in the calculations. 
Cross-sections and fracture surfaces of failed specimens were examined by SEM. 
3.8.2. "Hot" Interlaminar Shear Strength Test. 
Interlaminar shear strength tests are typically carried out at room temperature. The effects 
of the interlayer structure can be examined, however, by varying the testing temperature. 
Since the ceramer interlayers have a higher Tg than the surrounding epoxy matrix, they are 
expected to impart improved elevated temperature properties to epoxy resin composites. 
A Hounsfield testing machine equipped with a hot air oven was employed using the same 
. testing conditions as in the above (see section 3.8.1) experiments. Two different test 
temperatures were used, i.e. 120 °C and 150 °C, which are respectively below and around 
the Tg of epoxy matrix resin. The latter represents the maximum temperature to which the 
composite would be exposed in practice. The load was applied to the specimens after 
being kept for 15 minutes in the heating chamber of the testing machine to have a uniform 
temperature distribution throughout the test specimen. 
3.8.3. Flexurnl Tests. 
Flexural properties of the composite specimens were examined using a 3-point bending 
test. The British Standards flexural test method 183 was employed using a J J Lloyds testing 
machine. At least 5 specimens (40 mm long -fibre direction-,15 mm wide, 2 mm thick) 
were tested in the longitudinal direction, at a loading rate of 5 mm/min, with a span length 
of32 mm (which gives a span to thickness ratio of 16: 1). 
From the maximum load recorded in the load/ deflection curves for each specimen, the 
flexural strength (maximum outer skin stress at break) crr, was calculated using the 
equation: 
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where 
F is the force at break, 
L is the span, 
b is the width of the test specimen, 
crr= 3FL /2bll · 
h is the thickness of the test specimen. 
All the tested specimens were examined to ensure that the rupture was inside the central 
third of their span length to be accounted for the calculations. 
3.8.4. Dynamic Mechanical Thermal Analysis (DMTA). 
When a purely elastic material is deformed, it stores all of the strain energy, while a purely 
viscous material dissipates all of the deformation energy as heat. A viscoelastic material, 
lying between an elastic and a viscous material, will dissipate a part of the deformation 
energyts4. 
Dynamic mechanical thermal analysis (DMT A) has been used for long time to study the 
structure-property relationship in polymers. In this test, the properties are determined as a 
function of temperature and frequency, by measuring the response to an oscillating force. 
Here, a sinusoidal deformation is imposed on a sample of appropriate geometry. For each 
cycle, some of the strain energy is stored elastically, and some is dissipated in a viscous 
manner (internal friction), usually as heat 185 
The fundamental properties recorded are the two components of the dynamic modulus 
(E*), and the mechanical loss tangent or damping factor (tan delta). The dynamic modulus 
equation 
E*=E'+iE" 
where 
E* is known as the complex dynamic modulus; 
E' represents the in-phase component (corresponding to the real, elastic or storage part of 
complex modulus); 
E" is the out-of-phase component (corresponding to the imaginary or loss part of complex 
modulus). 
Tan delta corresponds to the ratio of lost energy (dissipated as heat) to energy stored 
under small strain oscillations (tan o=E"/E') and gives an indication of the damping 
capabilities of the material, and provides· information about the structure. 
DMTA is also used to determine the glass transition temperature (Tg) of polymeric 
materials. At the Tg, the tan o or loss modulus E" values go through a maximum while the 
storage modulus E' undergoes a rapid decrease. 
In a composite material, consisting of fibres (essentially elastic), a polymeric matrix 
(viscoelastic) and a fibre- matrix interface, the deformation energy will be dissipated 
mostly in the matrix and possibly at the interface through dynamic interface frictions and 
interfacial molecular relaxations. Therefore, DMT A is an ideal technique for evaluating the 
degree of interfacial adhesion and the bond conditions of composite materials. Energy is 
expected to be dissipated at the fibre-matrix interface when the composite is subjected to 
continuous cyclic loading. These dissipation losses manifest themselves as an increase in 
the viscous response of the material. The amount of internal energy dissipated at the 
interface depends on the degree of adhesion. A weaker bond is expected to result in more 
energy loss, which should be reflected by a higher damping coefficient 186. Since these are 
related to the interphases, this method appears suitable for characterising the viscoelastic 
properties of a wide variety coatings/ interlayers and sizings for the various fibres within 
. . I 1s1 composite matena s . 
--- ---------------------------------------------------------------------
In this study a Polymer Laboratories (MR II model) Dynamic Mechanical Thermal 
Analyser instrument was employed to carry out the tests in bending mode on composite 
specimens. The rectangular shape composite specimens were tested both in longitudinal 
and tranverse directions. The cured pure matrix resin was also tested. The conditions of 
tests for each direction are given below: 
1) Longitudinal direction: 
Sample dimensions 
Testing mode 
Span/ thickness 
Frequency 
= 35 mm long, 10 mm wide and 2 mm thick; 
= Single cantilever bending mode; 
Strain setting 
Temperature 
Heating rate 
Clamp 
Clamping torque 
=2; 
= l 0 Hz constant; 
= 64J.un; 
= 30 'C - 250 'C; 
= IO'C/min; 
= Large knife ed "e· 
"' 
=4.6Nm. 
2) Transverse direction: 
Sample dimensions = 40 mm long , l 0 mm wide and 2 mm thick; 
Testing mode =Double cantilever bending mode; 
Span/ thickness = 2; 
Frequency = l 0 Hz constant; 
Strain setting = 64 J.un; 
Temperature = 30 'C - 250 'C; 
Heating rate = 1 0 'C I m in; 
Clamp = Large knife edge; 
Clamping torque = 4.6 Nm. 
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The values of the storage and loss modulus depend not only on temperature but also on 
the frequency of the deformation applied to determine these quantities. The interest lies 
essentially in comparing the values of modulus for samples with different compositions/ 
treatments. Therefore, all DMT A measurements were performed at a fixed frequency of 
10Hz. The amplitude of the oscillations was kept at 64J.!ITI. 
In the above experiments a 16 mm wide clamp, known as the large knife edge being the 
widest available within the accessories of the equipment, was employed to reduce the span 
of specimens so that the magnitude of the interlaminar shear stress within the interlayers 
and the interface could be maximised. This clamp gives a span of 4 mm, which is well 
below the span of!LSS test specimens. 
3.8.5. Measurement of Coefficient of Thermal Expansion(CTE). 
The coefficient of linear thermal expansion (CTE, a) is generally defined as the 
proportional change in the dimension of the specimen per unit of temperature increase. It 
can be measured by using the thermomechanical analysis (TMA) technique which relies on 
the dilatation method. Thennomechanical analysis is used to measure displacements as a 
function of temperature. The TMA is most commonly used to measure thermal expansion 
coefficients and the glass transition temperature of polymeric materials. 
It is necessary to distinguish the instantaneous (local or differential) value of CTE (a) 
from the mean value (a). The instantaneous value a is defined by: 
a= IlL I llT.L. 
where 
.1. T =change in temperature; 
t.L =instantaneous change in length resulting from ll T; 
Lo =initial length of the sample at room temperature. 
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-- --------------------------------------------------------------------. 
The mean value of coefficient of linear thermal expansion, a, is defined for a specified 
temperature interval as follows: 
a= f.L I t.T.L,= L-Ls/ ( T-Ts).L. 
where 
J.T =change in temperature; 
J.L =instantaneous change in length resulting from f. T; 
L0 =initial length of the sample at room temperature; 
L = length at any temperature "T"; 
Ls =length at the reference temperature; 
Ts =reference temperature (normally room temperature). 
In this study thermal expansion measurements of free films and composite specimens were 
performed with a thermomechanical analyser, Mettler thermoanalyser TA 4000 system 
including a special film attachment. The displacement data is given in units of ~m per 
metre of sample and is plotted as a function of temperature .. The units for the linear CTE 
are often given as ~mlrnf"C. Thus taking derivative with respect to temperature versus 
displacement curve obtained with the TMA produces a plot of thermal expansion 
coefficient as a function of temperature. 
Specimen films (15 mm long, Smm wide) were cut from the centre part of cast films by 
using very sharp scissors. The specimens were then fixed between the steel grips of the 
analyser and mounted with the help of quartz hooks placed in a quartz tube. Experiments 
were performed between 30 •c and 200 "C in air at a rate of 5 •c;min and the mean value 
of linear thermal expansion coeflicient (ex) of polyimide and ceramer films was measured 
as a function of test temperature. In view of the low thermal expansivity of ceramer films, 
it was necessary to check the contribution of metallic clamps. In order to cancel out the 
effect of steel clamps on the CTE of f1lms, trial tests were performed by using different 
length of films. The effect was found to be ve1y small therefore, neglected. 
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Transverse orientation specimens having a typical square shape ( 6mm x 6mm) were cut 
from the centre part of slabs by using a handsaw. The cut surfaces were ground with 400 
and 600 grit by hand in a way to have slightly dome-shaped edges to avoid any edge 
effect. The surfaces which are normal to cut surfaces were polished successively with 600 
and 800 grit to have flat parallel faces and also to remove any other defects since the 
measurement was made in this (transverse) direction. The final dimensions of these square 
samples were -Smm x Smm. Experiments were performed between 30 °C and 200 °C in 
air at a rate of 5 °C/min under a compression load of 0.05 N and the mean value of linear 
thermal expansion coefficient (a) of composite specimens was measured as a function of 
test temperature. 
Longitudinal orientation specimens (7 x 4 x 2 mm) were also prepared to measure thermal 
expansion in the fibre direction following the above procedure and tested using the same 
conditions as previously. 
CTE of the neat epoxy resin was measured also using the same conditions as applied to 
composite specimens. 
3.8.6. Microscopic Analysis. 
3.8.6.1. Scanning Electron Microscopy. 
SEM micrographs were taken with a Cambridge Stereoscan 360 instrument manufactured 
by Leica Cambridge Ltd. SEM analysis was performed on fibres, fracture surfaces of 
composites, polished cross-sections of composites and free standing films fractured in 
liquid nitrogen. Gold was deposited on all SEM specimens prior to analysis. 
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3.8.6.2. Transmission Electron Microscopy. 
Ultramicrotomed cross-sections of free standing films (see section 3.7) were examined by 
using a JEOL TEM-100 CX transmission electron microscope to probe the internal 
structure of the ceramers. 
Small pieces of free standing films were embedded in Poly-bed 8 I 2 epoxy resin and the 
resin cured. Samples were then cryomicrotomed into very thin slices with an LKB-N 
ultramicrotome using glass knives and were placed on 200 mesh copper grids for analysis. 
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CHAPTER4 
RESULTS 
4.1. Preparation of Alkoxysilane and Ceramer Solutions. 
The preparation of unmodified and DMES modified alkoxysilane solutions were 
straightforward. However, the unmodified alkoxysilane solution needed more rigorous 
shaking of the bottle and required longer time to hydrolyse/ miscibilise the solution, as 
compared to the DMES modified alkoxysilane solution. The attainment of a high level of 
hydrolysis was indicated by the formation of a cl~ar solution. DMES may accelerate the 
hydrolysis reactions and gives rise quickly to a miscibilised system. In fact, DMES was 
found to decrease the amount ofunreacted alkoxides in the final produce88. 
Mixing polyamic acid solution with the hydrolysed TEOS solution was straightforward up 
to 50 % (by weight) TEOS solution but dissolution became more difficult above 50 % 
TEOS, resulting in precipitation of small particles of polyamic acid. 
This problem was overcome by the addition of dimethylformamide (DMF) into the 
mixture since DMF is a good solvent for polyamic acid. The amount ofDMF necessary to 
obtain a clear ceramer solution was at least 50 % (by weight) of the initial ceramer 
solution. 
Another problem with ceramer solutions containing 50 % or more than 50 % hydrolysed 
TEOS solution was the maturation time. The higher concentration of TEOS solution in 
the ceramer solution caused an acceleration of the gelation process, hence the maturation 
time had to be decreased, i.e. l hour maturation at 80 oc for 50 % TEOS ceramer and a 
30 min maturation at 80 oc for 75-85 % TEOS ceramers. 
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For the 25 % TEOS solution ceramer the maturation time was found to depend on the 
type ofpolyimide whether high or low moleculer weight and also on whether DMES was 
present within the TEOS solution. These all affect the resulting microstructure, as 
explained below. 
In the case of high molecular weight polyimide (Pyre-ML ), the addition of DMES was 
found to reduce the miscibility and to give rise to the formation of a particulate structure, 
instead of a eo-continuous structure, irrespective of the maturation time. Hence a 2 hours 
maturation at 80 •c was adopted for this composition. In the absence ofDMES a 4 hours 
maturation at 80 •c resulted in eo-continuous structure. At this point, darkening of the 
ceramer solution and a concomitant increase in viscosity were observed. This point was 
regarded as the start of the gelation189. Brekner and Feger190 observed that heating the 
PMDA/ ODA polyamic acid films at 80 •c removes most of the solvent except that bound 
to the polyamic acid and causes some imidisation. 
In the case of low molecular weight polyimide (Skybond 703) a 30 min maturation at 80 
•c is enough for both DMES modified and unmodified ceramers and both resulted in the 
formation of a eo-continuous structure. 
4.2. Coating of Glass Slides and Glass Fibres. 
At the end of the maturation period the ceramer solutions were diluted to the desired level 
by the addition of a 90/ 10 mixture of dimethylformamide (DMF) and N-
methylpyrrolidone (NMP). Since the dilution is not limited to a certain level, in theory it is 
possible to dilute down to a monolayer coverage on the substrates. This is very important 
in sol-gel coating process since thick films results inevitably in strength reducing cracks 
caused by the shrinkage of the developing networks. In general, thin films are less prone to 
shrinkage induced cracks. 
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These diluted ceramer solutions were then dip coated on to glass slides (previously 
cleaned and/ or coupling agent treated) from a container. Diluted ceramer solutions 
effectively formed clear films on glass slides. These films were completely covered the 
whole slide surface. The appearance of the glass slides after removal of the solvent and 
high temperature curing indicated that the glass slides had been coated uniformly and there 
were no visible cracks on the surface of the coatings. 
Initially, the dilution of the coating solutions was determined as 10 % in an arbitrary way. 
Having obtained the required coatings, this initial concentration of the coating solutions 
was kept constant for the production of model composites. 
The method of the cleaning of the glass fibre bundles in a hot xylene bath was found to be 
adequate for the subsequent dip coating process. This was evidenced at least by the 
splaying of bundles when they were in the middle of the hot xylene bath. Free movement 
of individual glass filaments within the bundles was also observed as soon as they emerge 
from the solvent bath. 
Hot xylene cleaned glass fibres were also dip coated with dilute solutions with the aid of a 
simple coating apparatus. Coating was performed with relative ease since the coating 
apparatus did not require much close attention. The attempt to employ hot air.jet in order 
to extract the excessive solvent and to separate the filaments ended up with failure. 
Although it was successful in the removal of excess solvent and separation of individual 
filaments, the precipitation of polyamic acid species occurred during and after the coating 
process. Precipitation of polyamic acid manifests itself as a yellow precipitate which is the 
sign of the presence of insufficient solvent in the polyamic acid 191 • The formation of amber 
coloured films on the glass fibre surfaces, on the other hand, indicates the presence of a 
highly imidised film. The precipitation of polyamic acid species on the coated glass fibres, 
which was observed when they were left in open air for long times, effectively prevented 
the formation of fully imidised polyimide or ceramer films on the glass fibre surfaces. 
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Drying by hot air jet was, therefore, abandoned. Cold air jet also gave rise to the similar 
problems, even though the problem was not as serious as in the case of hot air jet. 
Due to the inadequacy of the air jet drying method, the fibres were wound onto steel 
frames immediately after the coating process when they are still wet to prevent any 
excessive evaporation of the solvent. Although the wet winding was not an initially 
intended winding method, it made the winding process easier since the wetness of fibres 
greatly enhances the controllability over themselves. 
The frames with wet wound fibres were placed into hot ovens again immediately after the 
winding process for the above reason. The closed oven maintains a high vapour pressure 
of the evaporated NMP192, which helps in the formation of fully imidised coatings, 
especially in the case of very thin films. The success of the above explained curing 
procedure was evident in the present study in view of the high quality of the coatings 
revealed by the SEM examinations. 
4.3. Compression Double Lap Shear Test Results. 
Since the stresses exerted on the epoxy adhesive are transferred to the glass slides through 
the interlayers, the interface and especially the adhesion between the glass slide and epoxy 
adhesive can be characterised through measurement of the shear strength. In the 
compression double lap shear tests the maximum load to failure was recorded and the 
mode of failure observed for each test specimen. In the following tables, interfacial type 
failure mode refers to the interface between the ceramer coating and epoxy adhesive. The 
shear strength was calculated using the simple equation: 
Shear strength = Maximum load to failure/ Bonded area 
Five samples were tested for each type of surface condition and the mean value 
determined. 
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Since narrow bands. of the epoxy adhesive were placed in the middle of the surfaces of 
glass slides (see section 3.5.1) there was free space for the adhesive to flow. This 
arrangement, however, resulted in variations for the bonded areas. Instead of measuring 
the bonded area for each specimen, six specimens from different batches were selected 
randomly and their areas measured. 
The average was 99.33 mm2 and standard deviation was 2.73. For convenience the value 
ofl 00 mm 2 was used as the bond area for all double lap shear tests. The error arising from 
this approximation is considered to be much lower than others arising from other sources. 
If the effects of stress concentration in the compression double lap joint test specimen was 
neglected, the mean values of shear strength so determined would provide an estimate of 
the shear strength since the joint failure mode was predominantly adhesive in nature. 
4.3.1. Effect of Coupling Agent Drying Conditions. 
The effect of coupling agent drying conditions on the shear strength is shown in table 4.1. 
High temperature and longer curing times gives a higher shear strength (30 % higher) than 
low temperature cure and shorter curing times. High temperature curing changes also the 
failure mode from interface dominated failure to cohesive and substrate failure. Substrate 
failure is a "premature" failure. The failure of substrate may have been caused by high 
temperature treatment of samples. There are similar cases given in table 4.4 for ceramer 
coatings treated at 400 •c and in table 4.6 for 300 •c treated Si02 coating. However Si02 
coated sample suffered premature failure at a lower load level than the coupling agent 
coated sample. This result shows that the coupling agent probably counteracts the adverse 
effects of high temperature treatment of glass substrates by "healing" any flaws present on 
the surface193• The results of high temperature treatment are also given in the form of a 
load-extension curve in figure 4.1. 
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Table 4.1. Effect of coupling agent drying temperature on the shear strength 
Surface coating Curing condition Shear strength Standard 
type for coating (MP a) deviation 
Treated only with IOminat uo•c 32.2 2.33 
coupling agent 
Treated only with 10minat uo•c+ 
coupling agent 1 hour at 200 •c + 40.8 1.44 
1 hour at 300 •c 
All glass specimens were treated only with amine c·oupling agent (2 % solution) 
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Fig.4.1 Effect of coupling agent treatment temperature on load/ displacement relationship 
in shear strength measurements. 
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4.3.2. Effect of Different Coupling Agent Layers. 
The effect of the absence and the application of coupling agent on shear strength is shown 
in table 4.2. As can be seen from this table, the application of the coupling agent layer 
between the glass surface and ceramer coating increased the shear strength by 18 %. The 
application of a coupling agent layer between the ceramer coating and epoxy adhesive 
again increased the shear strength, resulting in a total increase in the shear strength of 30 
%. The enhanced adhesion in this instance was evident. These results show the importance 
and effectiveness of amine coupling agent to improve interfacial properties of ceramer 
interlayers in model composites. 
Table 4.2. Effect of applying different coupling agent layers on shear strength 
Surface coating Curing condition Shear strength Standard Failure 
, type for coating (MP a) deviation mode 
Ceramer layer without 30 min at 100 "C + Interface 
glass treatment 1 hour at 200 "C + 30.9 1.63 dominated 
1 hour at 300 "C 
Coupling agent layer on 10 min at 110 "C + Interface 
glass + ceramer layer 30 min at 100 "C + 36.44 2.29 dominated 
1 hour at 200 •c + 
1 hour at 300 •c 
Coupling agent + 10 min at 110 "C + Interface 
Ceramer layer + coupling 30 min at 100 ·c + 40.1 1.63 dominated 
agent on ceramer layer I hour at 200 •c + 
I hour at 300 •c 
Notes: 
I) Glass samples were treated with amine coupling agent (2% solution), 
2) Ceramer layers were based on DMES modified formulations, (75 %PI, 25% Si02), 
3) Ceramer coatings were produced from 10 % solution. 
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4.3.3. Effect ofDMES Modification in Pyre-ML Based Ceramers. 
The effect of modifying the ceramer with DMES is shown in table 4.3. It is evident from 
table 4.3 that the addition ofDMES results in an increase in shear strength. The difference 
in the shear strength between modified and unmodified ceramer coatings is in agreement 
with the results obtained from tensile tests on DMES modified ceramer films 164• For 75 % 
PI ceramer interlayer the increase in shear strength was by 7 % and for 50 % PI ceramer 
interlayer was by 23 %. 
Table 4.3. Effect ofDMES modification on the shear strength ofPyre-ML based ceramers 
Surface coating Curing condition Shear strength Standard Failure 
type for coating (MP a) deviation mode 
Unmodified 10minat llO"C+ 
(eo-continuous) 30 min at 100 •c + 37.6 3.40 Interface 
ceramer 75 % PI 1 hour at 200 •c + dominated 
1 hour at 300 •c 
Unmodified 10 min at 110 •c + 
(Cc-continuous) 30minat 100"C+ 29 3.27 Interface 
ceramer 50 % PI 1 hour at 200 •c + dominated 
1 hour at 300 •c 
DMES modified 10 min at 110 •c + 
(Particulate) 30 min at 100 •c + 40.1 1.63 Interface 
ceramer 75 % PI 1 hour at 200 •c + dominated 
1 hour at 300 •c 
DMES modified 10minat 110"C+ 
(Particulate) 30 min at 100 ·c + 36.8 2.06 Interface 
ceramer 50% PI 1 hour at 200 •c + dominated 
1 hour at 300 •c 
Notes: 
1) All glass slides were treated with amine coupling agent (2% solution) before and after 
the ceramer coating, 
2) Ceramer coatings were produced from 10 % solution. 
1!0 
DMES toughens the ceramer by the retarding the gelation and allows to form a more 
particulate type of structure i.e. less interconnected structure. In accordance with the aim 
of this study DMES was employed to produce strong and tougher interlayers. 
The effect of DMES modification on shear strength and stiffness of 75 % PI ceramer is 
shown in figure 4.2 in the form of a load/ displacement curve. As can be seen from figure 
4.2 both types of ceramers give higher shear stiffness than the original polyimide. They 
both also give higher shear stiffness than uncoated (plain glass) samples. Furthermore, the 
ceramer without DMES gives higher shear stiffness than the ceramer with DMES. All 
these results clearly reveal the advantage of having intermediate modulus interlayers with 
respect to shear strength and are a reflection of the properties of the ceramer interlayers168 • 
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Figure 4.2. Effect ofDMES modification for the ceramer coating on shear strength and 
stiffness by the double lap shear tests. 
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4.3.4. Effect of Cera mer Curing Conditions. 
The effect of ceramer curing conditions on the shear test results is shown in table 4.4. The 
different curing conditions are expected to give different interlayer strengths and stiffness. 
As can be seen from the table, curing conditions have an effect on shear strength and also 
on failure mode. Curing at 300 •c increased the shear strength by 7 % with respect to the 
cure at 200 •c and the failure mode shifted from cohesive to interface. 
Table 4.4. Effect of ceramer curing conditions on the shear strength 
Surface coating Curing condition Shear strength Standard Failure 
typ_e for coating (MP a) deviation mode 
DMESmodified 10 min at 110 •c+ Cohesive 
ceramer 30 min at 100 •c+ 37.6 1.52 dominated 
I hour at 200 •c 
DMESmodified 10 min at 110 •c+ 
ceramer 30 min at 100 •c+ 40.1 1.63 Interface 
1 hour at 200 •c + dominated 
1 hour at 300 •c 
DMESmodified 10 min at 110 •c+ 
ceramer 30 min at IOO •c+ Substrate 
I hour at 200 •c + 38.7 1.85 (glass) 
I hour at 300 •c + failure 
I hour at 400 •c 
Notes: 
1) All glass slides were treated with amine coupling agent (2 % solution) before and after 
the application of the ceramer coating, 
2) Ceramer coatings (75% PI, 25% Si~) were produced from 10% solution. 
However postcuring at 400 •c resulted in substrate failure, hence the value given in table 
4.4 for 400 •c cure does not represent the "true" value of shear strength. It is rather a 
value which reflects the "strength" of the substrate. The high temperature treatment may 
promote further the adhesion with the substrate and may even weaken the substrate. 
Similar phenomena were observed with coupling agents coated samples which were 
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treated at 300 •c as shown in table 4.1. The weakening of the substrate could result from 
the diffusion ofH' ions from the acid catalyst used in the production of the ceramer. 
The nature of the ceramer requires a stepwise heating procedure to cure. There is an 
optimum curing condition resulting in optimum strength. Below this (i.e. undercuring) the 
full potential of ceramer coating can not be realised. On the other hand overcuring results 
in a strongly bonded strong coating leading to substrate failure. Furthermore, beyond a 
certain point, overcuring may cause degradation of properties of both ceramer interlayer 
and glass substrates. For model composites the best curing condition was found to be 100 
•c 30 min, 200 •c 1 hour, and 300 •c 1 hour, which gives the highest shear strenith (40.1 
MPa) together with an interface dominated type offailure. 
4.3.5. Effect of Coupling Agent Concentration. 
The effect of coupling agent concentration on the shear strength is shown in table 4.5. As 
can be seen from table 4. 5 the diluted coupling agent solution (2 %) gives higher shear 
strength than treatments with very dilute coupling agent solution (0.5 %). In both cases 
the failure mode, however, is interface dominated failure. 
The higher strength of the samples treated with a 2 % diluted coupling agent may be 
attributed to a modification of the ceramer coating and its adhesion on both sides of the 
interlayer. In the case of very diluted coupling agent solution (0.5 %) presumably there is 
not enough coupling agent in the interfacial region to effectively modil'y both ceramer 
coating and its adhesion to the epoxy resin matrix. In fact, Thomason194 observed a trend 
of increased interfacial shear strength with increasing amount of chemically bound 
coupling agent layer on the glass fibre surface. 
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Table 4.5. Effect of coupling agent concentration on the shear strength 
Surface coating Curing condition Shear strength Standard Failure 
type for coating (MP a) deviation mode 
DMES modified 30 min at 100 "C+ Interface 
ceramer, no coupling 1 hour at 200 "C+ 30.9 1.63 dominated 
agent applied 1 hour at 300 •c 
DMES modified 10 min at 110 "C+ 
ceramer with coupling 30 min at 100 "C+ 36.2 2.68 Interface 
agent treatment 1 hour at 200 "C+ dominated 
(0.5 % solution) 1 hour at 300 •c 
DMES modified 10minat llO"C+ 
ceramer with coupling 30 min at 100 "C+ 40.1 1.63 Interface 
agent treatment 1 hour at 200 "C+ dominated (2 % solution) 1 hour at 300 •c 
Notes: 
1) Ceramer coatings (75% PI, 25% Si02) were produced from 10% solution. 
4.3.6. Effect of Coating Composition. 
The effect of the coating composition on the shear test results is shown in table 4.6. Plain 
glass is included here as a control specimen. Although no coupling agent treatment was 
performed, this was found to have the highest shear strength. This is presumably due to 
the strong natural affinity of epoxy adhesive to glass. This is also evident from the failure 
mode which is predominantly cohesive, which is a sign of strong interfacial adhesion. 
A 100 % polyimide interlayer applied on glass coated with the coupling agent gave lower 
shear strength values than for plain glass. Cohesive dominated failure shows the degree of 
adhesion and the effectiveness of amine coupling agent as coupler. The effectiveness of 
amine coupling agent (APS) for polyimide on ceramics or glass has already been· 
demonstrated by previous workers [section 2.11]. 
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Table 4.6. Effect of coating composition on the shear strength 
Surface coating Curing condition Shear strength Standard Failure 
type for coating (MP a) deviation mode 
Plain glass 
·----------------
41.4 1.98 Cohesive 
dominated 
Only coupling agent 10minat 110°C 32.2 2.33 Interface 
layer 2% diluted dominated 
Only coupling agent 10minat II0°C+ Cohesive 
layer 2% diluted 1 hour at 200 •c + 40.8 1.44 + 
1 hour at 300 •c Substrate 
Only polyimide 30 min at 100 •c + Cohesive 
(Pyre-ML) layer 1 hour at 200 •c + 37.2 3.01 dominated 
10% diluted 1 hour at 300 •c 
10 min at 110 •c + Cohesive 
Ceramer 85% PI 30 min at 100 •c + 33.8 1.52 dominated 
1 hour at 200 •c + 
1 hour at 300 •c 
Ceramer 75% PI as above 40.1 1.63 Interface 
dominated 
Ceramer 50% PI as above 36.8 2.06 as above 
Ceramer 25% PI as above 32.2 3.21 as above 
Ceramer 15% PI as above 31.5 2.34 as above 
Si02 with DMES as above 17.4 1.85 Substrate 
Notes: 
1) All coated samples were treated with amine coupling agent (2 % solution) on both sides 
of the interlayer, 
2) DMES modified ceramer coatings were produced from 10% solution. 
The addition of25% Si02 to the polyimide results in an 8% increase (from 37.2 to 40.1 
MPa) in the shear strength. The mode of failure changed from cohesive dominated failure 
to interface dominated failure. This again shows that stress is carried by interlayer and the 
higher shear strength is due to the ceramer being stronger than the polyimide. If the SiOz 
content is increased, the shear strength decreases with an interface dominated failure (see 
table 4.6). The reason for the decrease in shear strength is that addition of Si02 to 
polyimide matrix above a certain limit (about 25-30 %) makes the ceramer brittle leading 
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to premature failure. At higher Si02 concentrations (above 50 %) larger particles are 
produced in the ceramer structure, which changes the failure mode from ductile/ tough to 
brittle. This point has been confirmed by various workers195• 
In the case of 100 % Si02 interlayer there were two different observations. One regarding 
the mode of failure which is a substrate dominated failure, the other is the very low value 
of the failure strength which is a premature failure. This is a case similar to a case given in 
section 4.3.4 with some differences. The ceramer coated sample showed premature failure 
at higher loadings than silica coated sample although it was subjected to a more severe 
heat treatment than the silica coated sample. This supports the suggestion made earlier as 
an explanation for the weakening of the substrate. In other words the amount oflf" ions 
present in the 100% Si02layer is greater than the ceramer layers. Similar effects were also 
observed in coated glass fibre composites, which will be discussed later in the composites 
section. The same results for interlayers containing only ceramers are also shown in the 
form of a graph in figure 4.3. This graph clearly shows the effect of addition of Si02 into 
polyimide by sol-gel method and there is an optimum composition within these series for 
the highest strength. 
The effect of ceramer composition on the shear strength is also given in the form of a 
load-extension curves in figure 4.4. From these curves one can also obtain an idea about 
the modulus of interlayers. The addition of the inorganic phase stiffens a glassy polymer in 
line with composite theory, hence the presence of Si02 in the polyimide ceramer generally 
increases the modulus while reducing the level of deformation before failure, leading to a 
reduction in shear strength, except in the case of the optimum composition, which is 75% 
PI ceramer. 
In order to find out the reproducibility of test method and the scatter of results, two 
different experiments were made in which a 25 % Si02 containing ceramer coating were 
applied to the glass sheets in experiments and double lap shear test specimens were 
produced. The test results were as follows: 40.1 MPa, 39.9 MPa, and 1.63, 1.14; shear 
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strengths and standard deviations respectively. From this it is concluded that the double 
lap shear test method is very reproducible. In addition, a simple t-test was performed on 
the double lap shear test results. The results have been found to be significant the details 
of which are given in the appendix section. 
Figure 4.3 Effect of ceramer composition on the double lap shear strength 
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Figure. 4.4 Typical load! displacement curves recorded in double lap shear strength 
measurements. 
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4.4. Studies on Free Standing Films. 
4.4.1. Morphology and Microstructure of Ceramers in Free Standing Films. 
Varying the alkoxysilane solution composition (i.e. with or without DMES) and the 
polyimide precursor (Pyre-ML or Skybond) both eo-continuous and particulate 
morphologies were obtained. The fracture surfaces of all free films displayed a very 
uniform appearance, which is indicative of the effectiveness of epoxy coupling agent in the 
compatibilisation of silica and polyimide phases. It is expected that the type of morphology 
observed in the free standing ceramer films will also be established on a much finer domain 
sizes within the glass slide coatings and glass fibre coatings. 
In Fig. 4.5 is shown an SEM micrograph of the fractured surface of the ceramer 75% 
polyimide -Pyre ML-, based on the alkoxysilane solution formulation without DMES, 
given in table 3.1. As can be seen from Fig.4.5 this ceramer has a eo-continuous network 
structure. It is worth noting also that a transparent appearance was observed on this 
ceramer. 
In Fig. 4.6 is shown an SEM micrograph of the fractured surface of the ceramer 75 % 
polyimide -Pyre ML-, based on the alkoxysilane solution formulation containing DMES, 
given in table 3.2. From SEM micrograph in Fig. 4.6 a uniform distribution of discrete 
silica particles can easily be discerned. At the same time it is possible to see that the 
fracture of the matrix is ductile. In any case, the discrete silica particles observed are 
spherically shaped and have a diameter of approximately 0.5 ~tm. The DMES modification 
in this ceramer produces opaque films owing to the dimensions of the dispersed silica 
particles being within the range of the wave length for visible light. 
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In Fig. 4.7 is shown an SEM micrograph of the fractured surface of the ceramer 75 % 
polyimide -Skybond-, based on the alkoxysilane· solution formulation without DMES, 
given in table 3 .1. The SEM micrograph in Fig. 4. 7 shows a eo-continuous network 
structure with a corresponding clear ceramer film. 
In Fig. 4.8 is shown an SEM micrograph of the fractured surface of the ceramer 75 % 
polyimide -Skybond-, based on the alkoxysilane solution formulation with DMES, given in 
table 3.2. The SEM micrograph in Fig. 4.8 shows also, in contrast to the DMES modified 
Pyre ML based ceramer, a eo-continuous network structure which also corresponds to a 
transparent ceramer. 
Although both DMES modified and unmodified ceramers based on Skybond polyimide 
exhibit similar eo-continuous network structure, the unmodified ceramer has a slightly 
finer morphology. 
Also an interesting point to note is that the ceramers based on unmodified Skybond 
polyimide resulted in a much finer eo-continuous morphology with a much smoother 
texture than the ceramers based on unmodified Pyre ML polyimide. 
Further examinations of the microstructure of the ceramer films were obtained through 
partially etching the polyimide phase for 10 minutes under the electron beam of the TEM. 
In Fig. 4.9 is shown a TEM micrograph of the cross-section of the ceramer 75 % 
polyimide -Pyre ML-, based on the alkoxysilane solution formulation with DMES, given in 
table 3.2. The TEM micrograph in Fig. 4.9. shows a distribution of varying sub-micron 
sized (0.5 J.lm and less) particles. It would appear that in microtoming the films some of 
the particles were removed from their places leaving a crater behind them. At the bottom 
of the craters, a thin layer of broken material firmly attached to the polyimide matrix can 
be detected. 
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In Fig. 4.10 is shown a TEM micrograph of the cross-section of the ceramer 75 % 
polyimide -Pyre ML-, based on the alkoxysilane solution formulation without DMES, 
given in table 3.1. The TEM micrograph in Fig. 4.10. reveals the presence of an 
interconnected fine particulate structure with domains about 15-40 nm in size. From these 
a trend similar to that observed with SEM is evident. 
In Fig. 4.11 is shown a TEM micrograph of the cross-section of the ceramer 75 % 
polyimide -Skybond-, based on the alkoxysilane solution formulation with DMES, given in 
table 3.2. The TEM micrograph in Fig. 4.11. reveals the presence of interconnected fine 
particles about 10-25 nm in size. 
In Fig. 4.12 is shown a TEM micrograph of the cross-section of the ceramer 75 % 
polyimide -Skybond-, based on the alkoxysilane solution formulation without DMES 
given in table 3.1. The TEM micrograph in Fi~. 4.12. reveals an interconnected fine 
particulate structure about 6-15 nm in size. 
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Fig. 4.5 . SEM micrograph of the ceramer 75 % polyimide -Pyre ML- without D:MES 
(x7.5 K). 
Fig. 4.6. SEM micrograph of the ceramer 75 % polyimide -Pyre ML- with DtvffiS (x4.5 
K) . 
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Fig. 4.7. SEM micrograph of the ceramer 75 % polyimide -Skybond- without D'MES 
(x7.5 K). 
Fig. 4.8. SEM micrograph of the ceramer 75% polyimide -Skybond- with DMES (x7.5 
K). 
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Fig. 4.9. TEM micrograph of the ceramer 75 % polyimide -Pyre NIL- with DMES (x20 
K). 
Fig. 4.10. TEM micrograph of the ceramer 75 % polyimide -Pyre NIL- without D:MES 
(xl60 K) . 
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Fig. 4.11. TEM micrograph ofthe ceramer 75 % polyimide -Skybond- with DMES (x50 
K). 
Fig. 4.12. TEM micrograph of the ceramer 75 % polyimide -Skybond- without D~S 
(xl60 K). 
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4.4.2. Thermal Expansion of Free Stand ing Films. 
The effect of cure temperature on the linear expansion of pure polyimide (Pyre-ML) films 
is shown in Fig. 4.13. As can be seen from Fig. 4.13, different cure temperatures gave rise 
to different degrees of linear expansion. 200 oc cure gives the lowest linear expansion 
while 300 °C cure exhibits the highest linear expansion, 400 °C cure being between them. 
Linear expansion of pure polyimide decreases when the cure temperature is increased from 
300 °C to 400 °C. The rate of difference between .the linear expansion of 300 oc and 400 
oc cured pure polyimide films becomes higher and higher with increasing test temperature. 
Linear thermal expansions for the neat epoxy resin and the pure Pyre-ML polyimide, cured 
at 300 °C, are shown in Fig. 4.14. As can be seen from Fig. 4. 1 4 the neat epoxy resin 
expands nearly twice as much as the 300 °C cured pure Pyre-ML polyimide. At 
temperatures above 140 °C neat epoxy resin expands rapidly whereas pure Pyre-ML 
continues to expand steadily much below the level of neat epoxy resin. This shows the 
potential ability of the polyimide to decrease the expansion of composites when used as a 
coating on the fibres. 
The linear thermal expansion behaviour of pure Pyre-ML polyimide resin and the 75 % 
Pyre-ML polyimide ceramers (with and without Drvt:ES modification) is shown in Fig. 
4.15. As can be seen from this figure, the addition. of silica (whether modified or not with 
DMES) to the polyimide reduces the linear expansion. The ceramers which contain 
unmodified silica gave the lowest linear thermal expansion. The large decrease in linear 
thermal expansion below 100 °C is believed to be due to the desorption of water by the 
unmodified silica network. However, the ceramer containing DMES modified silica did 
not result in a large reduction in linear thermal expansion. This indicates that the 
morphology plays a key role in reducing the linear thermal expansion of ceramers. 
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The coefficient of linear thermal expansion behaviour of pure Pyre-ML polyimide resin 
and the 75 % Pyre-ML/ 25 % Si02 ( both DNffiS modified and unmodified) ceramers is 
shown in Fig. 4.16. Clearly both ceramers have lower CTEs than the pure Pyre-ML. The 
unmodified type ceramer exhibits a larger reduction in CTE than that of modified type 
ceramer. The linear expansion results given in figure 4.15 for the same materials correlate 
well with the CTE results. 
The coefficient of linear thermal expansion data for 75 % Pyre-ML - Skybond/ 25 % Si02 
(DMES modified) ceramers, in comparison to the neat epoxy and pure Pyre-ML resins are 
shown in Fig. 4.17. As can be seen the CTE values of both ceramers were much lower 
than the CTE values of neat epoxy and pure Pyre-.ML resin. The Skybond ceramer 
exhibits the lowest CTE. 
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4.5. Morphological Examinations of Coated Glass Fibres. 
The morphology and micro-level homogeneity of the coatings were examjned by SEM. In 
this section; the SEM micrographs of hot xylene washed and burned glass fibres surfaces 
are included as controls. 
The amount of the attached coating was determined by weight loss at high temperatures. 
Through a knowledge of the fibre density and radius, it is possible to determine the total 
fibre surface area in a given weight of fibre. If the cross-section of the fibres is 
approximated to be a perfect circle, the depth of coating can be obtained from the coating 
weight. 
Figure 4.18a shows an SEM micrograph of an "as received" glass fib re with the standard 
processing sizing. This has an experimentally determined sizing weight fraction of about 
0.8 %. The sizing has not been deposited homogeneously. An irregularly applied sizing 
with the formation of particulates can be seen. Despite the nonuniform distribution, the 
fibre is completely covered by the size coating. 
Figure 4.18b shows an SEM micrograph of a fibre desized with hot xylene. Apart from a 
few debris of sizing that remain, the fibre is relatively smooth. Washing therefore loosened 
the fibre bundles, indicating an absence of the sizing usually applied by the manufactu rer to 
hold the fibres together in a bundle. There is also no evidence of fi bre damage. These 
cleaned fibres can then be coated with an interlayer in a subsequent dip coating operation. 
Figure 4 .18c shows an SEM micrograph of a burned fibre surface. Although the burning is 
effective as a whole with fairly smooth background, some small particles can be observed 
on the fibre surface. 
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Figure 4.18d shows an SEM micrograph of a fibre coated with 1 % solution of pure 
Skybond polyimide. A thin, continuous and fairly uniform coating with a few debris sitting 
on the surface can be seen. The weight fraction of this coating is about 0.94 % which 
corresponds to a coating thickness of0.056 ~-tm. · 
Figure 4.18e shows an SEM micrograph of a fibre coated with 4 % solution of pure Pyre-
:ML polyimide. A relatively thick, continuous and fairly uniform coating with some debris 
sitting on the surface can be seen. Two weld lines along the fibre are also evident in the 
micrograph. This has a coating weight fraction of approximately 1.4 % which produces a 
coating thickness of0.084J..un. 
Figure 4.18f shows an SEM micrograph of a fibre coated with 1 % solution of 75 % Pyre-
:ML polyimide, 25 % Si02 modified by DMES. A continuous, relatively uniform surface 
coating with grainy feature can be observed. This ceramer coating is about 1.03 % by 
weight which corresponds to a 0.062 )..lm thick coating. 
Figure 4.18g shows an SEM micrograph of a fibre coated with 2 % solution of 75 % Pyre-
ML polyimide, 25 % Si02 modified by DMES. A continuous, and fairly uniform surface 
coating with a more apparent grainy feature can be observed. A very thin weld line is also 
evident along the fibre length. This ceramer coating's weight fraction is about 1.18 % 
which corresponds to a thickness of 0. 07 1 11m. 
Figure 4.18h shows an SEM micrograph of a fibre coated with l % solution of 75 % 
Skybond polyimide, 25 % Si02 modified by DMES. A thin continuous, fairly uniform and 
smooth surface coating with some particles can be observed. A transverse crack crossing 
nearly half of the crack filled by coating can obviously be seen on this particular fibre 
surface. This ceramer coating has a weight fraction of about 1 % which corresponds to a 
0.06 ~-tm thick coating. 
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Figure 4.18i shows an SEM micrograph of fibres coated with 4 % solution of 75 % 
Skybond polyimide, 25 % Si02 modified by Dtv1ES. A relatively thick, continuous, fairly 
uniform surface coating with some occasional random clusters can be seen. Obviously, all 
the gaps between the individual fibres are filled with the coating material leading to the 
cooperative behaviour of fibres in the bundle. The weight fraction of this coating is about 
1.37% which corresponds to a coating thickness of0.082 I.J.m. 
Figure 4.18j shows an SEM micrograph of fibres coated with 4 % solution of 75 % 
Skybond polyimide, 25 % Si02 (not modified with Dtv1ES) . A relatively thick, continuous, 
and fairly uniform but not very smooth surface coating with some occasional random 
clusters can be seen. Obviously, excessive coating tends to hold fibres together by filling 
the gaps between them. This has a coating weight fraction of approximately 1.42 % which 
produces a coating thickness of0.085 I.J.m . 
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Fig. 4.18a. SEM micrograph of an "as received" glass fibre . 
Fig. 4.18b. SEM micrograph of a fibre surface washed with hot xylene. 
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Fig. 4 .18c. SEM micrograph of a burned fibre surface. 
Fig. 4.18d. SEM micrograph of a fibre coated with 1 % solution of neat Skybond 
polyimide. 
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Fig. 4.18e. SEM micrograph of a fibre coated with 4 % solution of pure Pyre-ML 
polyimide. 
l• SEl EHT• 12.0 KV UD• 26 mm PHOTO• 34 
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Fig. 4.18f. SEM micrograph of a fibre coated with 1 % solution of 75 % Pyre-ML 
polyirnide, 25 % Si02 ceramer modified by Dl'vfES. 
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Fig. 4.18g. SEM micrograph of a fibre coated with 2 % solution of 75 % Pyre-"ML 
polyimide, 25 % Si02 ceramer modified by DMES. 
Fig. 4.18h. SEM micrograph of a fibre coated with 1 % solution of 75 % Skybond 
polyimide, 25% Si02 ceramer modified by DMES. 
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Fig. 4.18i. SEM micrograph of fibres coated with 4 % solution of 75 % Skybond 
polyimide, 25 % Si02 ceramer modified by DMES. 
L• SEl EHT• 10.0 KV ~D· 13 mm PHOTO• 2 
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-
Fig. 4.18j. SEM mjcrograph of fibres coated with 4 % solution of 75 % Skybond 
polyimide, 25 % unmodified Si02 ceramer. 
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4.6. Interlaminar Shear Strength of Composites. 
The trends of interfacial properties in interlayered composites under different conditions 
were determined by interlarninar shear strength tests. All types of fibre coatings for 
changing the properties at fibre-matrix interfaces resulted in differences in the interlaminar 
shear strength among the interlayered composites. The overall ILSS results are presented 
in the form of tables. Typical force-deflection curves for some specimens are also 
presented. Due to the slight variations in fibre volume fractions, ll...SS values were 
normalised to a standard fibre volume fraction of 65 %. Most of the specimens failed in a 
shear mode and only these specimens were considered to give a valid value for the ILSS. 
All the control specimens failed suddenly with a sharp drop in load. The sudden sharp 
drop in load is an indication of a brittle type failure. In fact, the fracture occurred with a 
distinct acoustic emission. In most cases there was one single dominant cleavage type 
interlarninar crack in the mid-plane of control specimens with no visible damage away 
from the primary fracture plane. Figure 4 .19a shows an optical micrograph of cross-
section of an ll...SS tested composite specimen containing glass fibres cleaned with hot 
xylene. 
In the case of coated glass fibres, on the other hand, the coatings promote multiple 
fracture paths during testing and therefore the possibility of premature delamination is 
increased. The primary failure site was not necessarily at the mid-plane and the tested 
composite specimens resulted in large amounts of intralaminar shattering and extensive 
interlarninar debonding as can be seen from the optical micrographs shown in figures 
4 .19b and 4.19c. 
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Fig.4.19a. Cross-section of an ILSS tested composite specimen containing glass fibres 
cleaned with hot xylene. 
Fig. 4.19b. Cross-section of an ILSS tested composite specimen containing 1 % diluted 
Si02 coated glass fibres . 
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Fig. 4 .19c. Cross-section of an ILSS tested composite specimen containing 1 % diluted 7 5 
% Skybond ceramer coated glass fibres . 
This effect is more pronounced especially for thicker coatings. This ongoing delamination 
had a loudy character but the level of acoustic emission was lower than that of the control 
composites. 
Also, the fibre coated spectmens exhibited quite different load/ extension response. 
Initiation of failure was marked by a drop in load, but it was not the type of sudden sharp 
drop in load observed in the control specimens. The rest of the deformation occurred at 
relatively constant load, with ultimate failure taking place at much higher extensions, 
which is a sign of ongoing debonding and friction, than that of control specimens. It is this 
which corresponds to an increased delamination at a number of locations through the 
thickness with no single dominant fracture. Typical force/ extension curves of composite 
specimens with "as received" and coated fibres are shown in fig. 4.20. 
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Fig. 4.20. Effect of a Pyre-ML based (25 % Si02 with DMES) ceramer interlayer on the 
interlaminar shear behaviour of composites. 
As already mentioned ILSS failures are delarnination dominant for interlayered 
composites. In order to evaluate ILSS response of different interlayers, Mascia196 
proposed a dimensionless parameter, called the "delamination factor", which is a measure 
ofthe area under the ILSS curves. 
4.6.1. Interlaminar Shear Strength of Control Composites. 
Interlarninar shear strengths of control samples are given in table 4.7. As can be seen from 
the table xylene washing did not reduce ILSS substantially whereas a large reduction in 
ILSS was observed for heat cleaned samples. However a coupling agent treatment 
following heat cleaning restored the ILSS nearly to the original value. Obviously, heat 
cleaning has a damaging effect on glass fibres while coupling agent alleviates the ill-effects 
of heat on glass fibres. 
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Table 4. 7 Interlaminar shear strengths of control samples. 
Surface Cure ILSS Standard Delamination Void 
Condition Temperature (MP a) Deviation Factor Content% 
As received 
-------------
79.45 2.7 278 1.8 
Xylene washed 
-------------
78.56 1.2 267 0.1 
Xylene washed+ 
-------------
58.13 2.8 227 1.2 
1 hour at 300 oc 
As above+ 1% at 110 oc 76.58 2.8 260 0.9 
amine coup. agent 10 min 
4.6.2. Effect of Solution Concentration on ILSS. 
As can be readily seen from the following tables, for both types of pure polyimides and for 
all ceramers of these polyimides considered, an increase in the solution concentration in 
any case caused a reduction in ILSS. The only exception is the Si02 treated samples. For 
Si02 treated samples increases in solution concentration gives rise to a small increase in 
ILSS. Except for a few cases, in general the delamination factor is also reduced with the 
increasing solution concentration. 
The effect of solution concentration of pure polyimide and modified silica coatings on the 
ILSS results is shown in table 4.8. 
Table 4.8. Effect of solution concentration on the ILSS of pure Pyre-ML, pure Skybond 
and DMES modified silica treated samples. 
Surface Cure ILSS Standard Delamination Void 
Condition Temperature (MP a) Deviation Factor Content% 
l% Pyre-ML solu. Standard 72.86 2.2 357 0.7 
2 % Pyre-ML solu. Standard 66.63 1.5 280 1.4 
4 % Pyre-!vfL solu. Standard 56.04 1.8 308 2.5 
1 % Skybond solu. Standard 74.42 2.8 387 1.6 
4 % Skybond solu. Standard 67.58 2 385 2.2 
1 % Si02 solution Standard 58.49 0.9 298 0.0 
4 % Si02 solution Standard 61.26 1.8 306 1 
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The effect of solution concentration of 75 % Pyre-ML ceramer coatings on the ILSS 
results is shown in table 4.9. 
Table 4.9. Effect of solution concentration on the ILSS of 75 % Pyre-ML, 25 % Si02 
(DMES modified and unmodified) ceramer treated samples. 
Surface Cure ILSS Standard Delamination Void 
Condition Temp. (}v1Pa) Deviation Factor Content% 
1 % sol. with DMES Standard 78.48 1.5 361 1.3 
2 % sol. with DMES Standard 67.16 1.2 329 1.4 
3 % sol. with DMES Standard 56.90 1.9 222 2.4 
4 % sol. with DMES Standard 51.43 1.9 211 3 
7 % sol. with DMES Standard 46.63 2.3 196 3 
10 % sol. with DMES Standard 38.96 1.1 175 3.6 
I % sol. without Standard 63 .74 2.4 255 0.6 
DMES 
4 % sol. without Standard 58.63 1.7 363 1.9 
DMES 
The effect of solution concentration of 50 % Pyre-ML ceramer coatings on the ILSS of 
composites is shown in table 4.1 0. 
Table 4.1 0. Effect of solution concentration used to coat the fibres on the ILSS of 50 % 
Pyre-ML, 50 % Si02 (DMES modified) ceramer treated samples. 
Surface Cure ILSS Standard Delamination Void 
Condition Temperature (}v1Pa) Deviation Factor Content% 
1 % solution Standard 66.79 2.1 334 0.0 
with DMES 
2 % solution Standard 63.48 1.4 254 0.9 
withDMES 
142 
The effect of solution concentration of 75 % Skybond ceramer coatings on the ILSS of 
composites is shown in table 4.11 . 
Table 4 .11. Effect of solution concentration used for coating the fibres on the ILSS of 75 
% Skybond, 25 % Si02 (DMES modified and unmodified) ceramer treated samples. 
Surface Cure ILSS Standard Delamination Void 
Condition Temperature (MP a) Deviation Factor Content% 
1 % solution with Standard 64.61 1.4 401 0.0 
DMES 
4 % solution with Standard 57.80 1.5 317 1.2 
DMES 
1 % solution Standard 57.04 3.1 291 0 .6 
without DMES 
4 % solution Standard 52.39 2.2 293 1.5 
without DMES 
4.6.3. Effect of Cure Temperature of Coatings on ILSS of Composites. 
As can be seen from the following tables, for all types of interlayered composites 
considered, raising the cure temperature of the coatings results in an increase in ILSS . 
However, for systems containing fibres coated with 1 % pure Skybond solution and all 
Si02 coated fibres, curing at 400 oc resulted in a tensile type failure and the ILSS results 
were not considered to be valid in these instances. Nevertheless the calculated value, for 
example, for 1 % Skybond solution coated system would be 77.23 MPa. 
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The effect of cure temperature of pure polyimide coatings on the ILSS results is shown in 
table4.12. 
Table 4.12. Effect of cure temperature on the ILSS of pure Pyre-ML, and pure Skybond 
treated samples. 
Surface Cure ILSS Standard Delamination Void 
Condition Temperature (iv1Pa) Deviation Factor Content% 
As received 
-------------
79.45 2.7 278 1.8 
Xylene washed 
-------------
78.56 . 1.2 267 0. 1 
Xylene washed+ 
-------------
58.13 2.8 227 1.2 
1 hour at 300 oc 
1 % Pyre-ML 100 °C 62.28 2.3 311 0.3 
solution 
1 % Pyre-ML 200°C 74. 16 4.1 415 1 
solution 
1 % Pyre-ML Standard 72.86 2.2 357 0.7 
solution 
4 % Pyre-ML Standard 56.04 1.8 308 2.5 
solution 
4 % Pyre-ML 400 °C 65.20 1.6 339 3. 1 
solution 
] % Skybond Standard 74.42 2.8 387 1.6 
solution 
1 % Skybond 400 °C *77.23 2.0 Discarded 0.7 
solution 
4 % Skybond 100 °C 64.35 3.0 347 1.8 
solution 
4 % Skybond Standard 67.58 2.0 385 2.3 
solution 
4 % Skybond 400°C 76.39 4.8 366 2.5 
solution 
* Indicates that the value is not the true ILSS value. 
The effect of cure temperature of 75 % Pyre-ML and Skybond based ceramer coatings on 
the ILSS results is shown in table 4.13. Generally, increasing the cure temperatures results 
in an increase in ILSS. 
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Table 4 .13 . Effect of cure temperature on the ll.,SS for composites containing fibres 
coated with 75 % Pyre-JviL and Skybond based, 25 % Si02 (DMES modified)ceramer. 
Ceramer Type Cure ILSS Standard Delamination Void 
Temp. (MP a) Deviation Factor Content% 
I % solution Pyre- 100 °C 75.7I 1.7 386 0.4 
ML based 
I % solution Pyre- 200 °C 80.27 . 2.2 441 0.1 
ML based 
1 % solution Pyre- Standard 78.48 1.5 361 1.3 
ML based 
1 % solution Pyre- 400 °C 84.00 0.9 369 1 
ML based 
1 % solution Standard 64.6 1 1.4 401 0.0 
Skybond based 
I % solution 400 °C 68.66 3.2 398 0.0 
Skybond based 
4 % solution RT 67.99 3.5 367 0.1 
Skybond based 
4 % solution Standard 57.80 1.5 317 1.2 
Skybond based 
4 % solution 400°C 56.99 2.7 296 1.1 
Skybond based 
For fibres coated with ceramers based on 1 % · 75 % Pyre-JviL, 25 % Si0 2 (D.MES 
modified), the effect of the cure temperature of the coatings on the force/ deflection 
curves is shown in figure 4.21. The differences in IT.,SS are statistically significant, i.e. 
increasing cure temperature from 300 °C to 400 °C causes a definite increase in ll.,SS and 
interlaminar stiffness. This different behaviour could be attributed to the presence of a 
more rigid interfacial region/ interlayer. 
The effect of cure temperature of the silica coatings on the IT.,SS results is shown in table 
4 .14. Curing the coatings at 400 °C resulted in a tensile type failure, similar to 
phenomenon observed in model composites which was characterised by a substrate failure. 
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Fig. 4 .21 . Effect of cure temperature of the ceramer interlayers on the interlaminar shear 
behaviour of composites. 
Table 4.14. Effect of cure temperature of coatings with 100% Si02 (DMES modified and 
unmodified) on ILSS. 
Type of Silica Cure ILSS Standard Delamination Void 
Temp . -~a)_ Peviation Factor Content% 
1 % sol. with DMES Standard 58.49 0.9 298 0.0 
1 % sol. with DMES 400 °C *72.98 2.5 Discarded 0.9 
4 % sol. with DMES Standard 61.26 1.8 306 1 
4 % sol. with DMES 400 °C *64.63 3.5 Discarded 1.4 
I % solution without Standard 73 .77 3.7 357 1 
DMES 
1 % solution without 400 °C *60.45 3.5 Discarded 1.1 
DMES 
* Indicates that the value is not the true TI.,SS value. 
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4.6.4. Effect of Coupling Agent Treatment of Fibre Coatings on ILSS of Composites. 
The effect of coupling agent treatment of Skybond based ceramer coatings on the ILSS 
results is shown in table 4.15. Coupling agent treatments of fibre coatings increased the 
ILSS about l 0 %. Except for 1 % solution coated fibres based on 75 % Skybond, 25 % 
Si02 (DMES modified), the coupling agent treatments also resulted in an increase in 
delamination factors. 
Table 4 .15. Effect of amine coupling agent treatment of fibres coated with 1 % solution of 
75% Skybond, 25% Si02 (DMES modified) on ILSS. 
Surface Cure ILSS Standard Delamination Void 
Condition Temperature (MP a) Deviation Factor Content% 
Only ceramer Standard 64.61 1.4 401 0.0 
coupling agent on Standard+ 70.21 5. 1 304 0.8 
ceramer coating_ l0min110°C 
Note: The aminosilane coupling agent was applied from a 0.5 % solution. 
The effect of coupling agent treatment of fibres coated with Pyre-l\1L based ceramers on 
the ILSS results is shown in table 4.16. For the same tests the force-deflection curves are 
presented in figure 4.22. 
Table 4.16. Effect of amine coupling agent treatment of fibres coated with ceramer from 1 
%solution of75% Pyre-ML, 25% Si02 (unmodified) on ILSS. 
Surface Cure ILSS Standard Delamination Void 
Condition Temperature (MP a) Deviation Factor Content% 
Only ceramer Standard 63.74 2.4 255 0.6 
coupling agent on Standard 70.39 2.0 289 0.4 
ceramer coating 10min1l0°C 
Note: The aminosilane coupling agent was applied from a 0.5% solution. 
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Fig. 4.22. Effect of amine coupling agent treatment of fibre coatings from 1 % solution of 
75 % Pyre-ML, 25 % Si02 (unmodified) on the interlaminar shear behaviour of 
composites. 
The effect of adding 1 % more epoxy coupling agent into the solution of Pyre-ML 
ceramer coatings on the ILSS results is shown in table 4.17. For the same samples the 
force-deflection curves are presented in figure 4.23 . As can be seen from these curves both 
ILSS and stiffness were increased with the addition of more coupling agent into the 
ceramer solution. The saw tooth shape of the curve indicates the points of crack initiation 
and crack arrest which is a strong evidence of toughness enhancement. 
Table 4.17. Effect of adding 1 % more epoxy coupling agent in a standard 4 % solution 
of75% Pyre-ML, 25% Si02 (unmodified) on U,SS. 
Surface Cure ILSS Standard Delamination Void 
Condition Temperature _{Mpa) Deviation Factor Content% 
Only ceramer Standard 58.63 1.7 363 1.9 
1 % additional epoxy Standard 66.85 4.8 404 1.3 
coupling agent 
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Fig. 4 .23 . Effect 1 % additional epoxy coupling agent into a standard 4 % solution of 75 
% Pyre-ML, 25 % Si02 (unmodified) on ILSS behaviour of composites. 
4.6.5. Effect of DMES Modification of Polyimide Ceramer Coatings on Interlaminar 
Shear Strength. 
The effect of DtvffiS modification of ceramer coatings deposited from 1 % solution of 7 5 
% Pyre-ML and Skybond, 25 % Si02 on the ILSS results is shown in table 4.18. These 
show that the presence of DMES in both Pyre-ML and Skybond based ceramers increases 
the interlaminar shear strength and delamination factor of composite specimens. 
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Table 4.18. Effect of DMES modification of ceramer coatings deposited from 1 % 
solution of 75 % Pyre-ML and Skybond, 25 % Si02 on the ILSS results. 
Ceramer Type Cure ILSS Standard Delamination Void 
TemQ_. ~al Deviation Factor Content% 
Pyre-ML with DMES Standard 78.48 1.5 361 1.3 
Pyre-.ML No DMES Standard 63 .74 2.4 255 0.6 
Skybond with DMES Standard 64.61 1.4 401 0.0 
Skybond No DMES Standard 57.04 3.1 291 0.6 
For composites produced with fibres coated with ceramers from 1 % solution of 75 % 
Pyre-ML, 25 % Si02 (modified and unmodified), the force-deflection curves are presented 
in figure 4.24. From the curves, it is evident that the absence of DMES reduces 
interlaminar shear strength and deflection at failure but increases the interlaminar shear 
stiffness of composite specimens. 
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Fig. 4.24. Effect ofDMES modification of ceramer coatings on fibres deposited from 1 % 
solution of75% Pyre-ML, 25% Si02 on the interlaminar shear behaviour of composites. 
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4.6.6. Influence of Composition of Ceramer Coatings on Interlaminar Shear 
Strength. 
The effect of increasing the Si02 content in the ceramer coatings deposited from 1 % 
solution of 50 %1 75 % Pyre-ML, 25 % Si02 (DMES modifled) on the ILSS results is 
shown in table 4.19. These show that increasing Si02 content of ceramer coatings from 25 
% to 50 % results in a decrease in both ILSS and delamination factor. 
Table 4.19. Effect of increasing the Si02 content in the ceramer coatings deposited from I 
% solution of 50 %/ 75 % Pyre-ML, 25 % Si02 (DMES modified) on the ILSS. 
Surface Cure ILSS Standard Delamination Void 
Condition Temp. (MP a} Deviation Factor Content% 
25% Si02 Standard 78.48 1.5 361 1.3 
50% Si02 Standard 66.79 2.1 334 0.1 
For the same samples the force-deflection curves are presented in figure 4.25 . From the 
curves, it is obvious that increasing Si02 content above 25 % within ceramer coatings 
reduces the interlarninar shear strength and the deflection at failure but the interlaminar 
shear stiffness ofthe composite specimens is increased. 
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Fig. 4.25. Effect of increasing the Si02 content in the ceramer coatings deposited from 1 
% solution ofPyre-ML/ Si02 (DMES modified) on the ILSS behaviour of composites. 
4.7. Interlaminar Shear Strength of Composites at High Temperatures. 
In composite materials as the temperature mcreases the strength and modulus of the 
matrix material decreases, especially at temperatures above the glass transition. 
Consequently, the interlaminar shear strength is expected to be reduced appreciably with 
increasing service temperatures near the glass transition temperature of the matrix. 
The effect of testing temperature on the ILSS of control specimens is shown in table 4.20. 
Increasing the test temperature reduces ILSS of composites for both "as received" and 
xylene washed glass fibres. Increasing the test temperature from 120 °C to 150 °C caused 
a 25 % reduction in the ILSS for both types of composites. However, composites 
containing xylene washed glass fibres exhibited slightly higher ILSS values than the 
composites with "as received" glass fibres. (Note that the Tg of the epoxy resin used is 
143 °C). 
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Table 4.20. Effect of testing temperature on ILSS of control specimens. 
Surface Test ILSS 
Condition Temperature (MP a) 
As received 120°C 28.97 
As received 150 °C 21.53 
xylene washed 120 °C 30.64 
xylene washed 150 oc 23.30 
The effect of testing temperature on the ILSS of composites containing glass fibres coated 
with pure polyirnide is shown in table 4.21. As can be seen, pure polyimide coatings 
resulted in a considerable increase in the ILSS at 150 oc with respect to control 
specimens. For Skybond interlayers, increasing the solution concentration from I % to 4 
% caused a 50 % increase in the ILSS of composite specimens. This was the highest ILSS 
value among all the specimens tested at high temperature. Skybond coating was more 
effective than Pyre-ML coating in improving the ILSS at high temperatures. 
Table 4.21. Effect of testing temperature on the ILSS of composites containing glass 
fibres coated with pure polyimide. 
Surface Cure Test ILSS 
Condition Temperature Temperature (MP a) 
Skybond 1 % solution Standard 150 °C 26.20 
Sb'_bond 4 % solution Standard ISO °C 39.14 
Pyre-ML 4 % solution Standard 150 °C 30.88 
The effect of testing temperature on the ll.SS of composites containing glass fibres coated 
with DMES modified silica is shown in table 4.22. As can be seen, DMES modified silica 
coatings caused a reduction in the ILSS at high temperatures. Increasing test temperature 
from 120 °C to 150 °C produced a large reduction (- 50 %) in the ILSS of specimens. 
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Table 4.22. Effect of testing temperature on the ILSS of composites containing glass 
fibres coated with DMES modified silica. 
Surface Cure Test ILSS 
Condition Temperature Temperature (MP a) 
Silica with DMES, 4 % solution Standard 120 °C 23 .37 
Silica with DMES, 4 % solution Standard 150 °C 12.60 
The effect of testing temperature on the ILSS of composites from fibres coated with a 4 % 
solution of 75 % Skybond, 25 % Si02 (DrvffiS modified and unmodified) is shown in the 
data reported in table 4.23. The composite specimens containing fibres with ceramer 
coating cured at room temperature have the lowest ILSS due to the weakness of the 
interlayer. Unmodified type ceramer coating gave higher ILSS values than the 
corresponding modified type ceramer coatings due to the interconnected (eo-continuous) 
morphology of the two phases. 
Table 4.23 . Effect of testing temperature on the ILSS of composites from fi bres coated 
with a 4% solution of75% Skybond, 25 % Si02 (DMES modified and unmodified). 
Surface Cure Test ILSS 
Condition Temperature Temperature (MP a) 
DrvffiS modified Room Temp. 120 °C 19.15 
DMES modified Standard 120 °C 25.96 
Unmodified Standard 120 °C 31.10 
DMES modified Room Temp. 150 °C 12.84 
DMES modified Standard 150 °C 22.54 
Unmodified Standard 150 °C 30.21 
Force-deflection curves of composites for "as received" glass fibres and for fibres coated 
with a 4 % solution of 75 % Skybond unmodified ceramer specimens tested at 150 °C for 
ILSS are presented in figure 4.26. These show that unmodified Skybond ceramer 
interlayer increased both the ILSS and stiffness of composite specimens with respect to 
uncoated fibre containing composite specimens. 
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Fig. 4.26. Typical ILSS force-deflection curves at 150 oc for composites containing "as 
received" and 4% solution of75% Skybond ceramer (without DMES) coated fibres . 
4.8. Flexural Test. 
Within the experimental conditions of testing, the flexural properties were affected by the 
inclusion of the polyimide/ ceramer interlayers. In control composites tensile type failure 
was observed. In interlayered composites both tensile and delamination type failures were 
observed. Also, some samples exhibited a mixed type failure. The results of the flexural 
tests were presented in table form. The flexural strength and modulus values were 
normalised to a standard fibre volume fraction of 65 % as was the case for ILSS results. 
Typical force-deflection curves offlexural test specimens are shown in fig . 4.26a. As can 
be seen from the graphs, omission ofDMES increased both flexural modulus and strength 
for both types of polyimide ceramers. 
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Fig. 4.26a. Typical force-deflection curves offlexural test specimens. 
Flexural test results of control composites are shown in table 4.24. Xylene washed and "as 
received" control samples exhibited nearly the same values for both strength and modulus. 
Both composites failed in t_ensile manner. 
Table 4.24. Flexural test results of control composites. 
Type of Fibre Strength Modulus Failure 
(MP a) (GPa) Type 
Xylene washed 1562 ± 40 47.51± 1.44 Tensile 
As received 1592 ± 62 46.41 ±1.74 Tensile 
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Flexural test results for both modified and unmodified silica interlayered composites are 
shown in table 4.25 . The omission of DMES in the formulation increased both flexural 
strength and modulus for standard cured silica interlayered composites. Curing of the 
coatings at 400 oc reduced the flexural strength and produced more brittle type failures, 
similar to ILSS tests. For the thick silica interlayers, the DMES modification caused a 
reduction in flexural modulus. 
Table 4.25. Flexural test results for DMES modified and unmodified silica interlayered 
composites. 
Fibre Coatings Cure Strength Modulus Failure 
Temp. (MP a) (GP a) Type 
1 % solution with DMES Standard 1315 ± 29 42.94 ± 0.0 Tensile 
1 % solution without DMES Standard 1551±45 48.51 ± 0.0 Delamination 
1 % solution without DMES 400 °C 1153±116 48.51 ± 1.8 Brittle 
4 % solution with DMES Standard 1302 ± 63 35.27 ± 0.0 Tensile 
Flexural test results for composites with pure Skybond polyimide interlayers and those 
with 75% Skybond, 25% Si02 (DMES modified and unmodified) ceramer interlayers are 
shown in table 4.26. Incorporation of DMES modified silica into the Skybond polyimide 
decreases both the flexural strength and modulus but the level of reduction in modulus is 
substantially higher than the reduction in strength. The omission of DMES in the 
alkoxysilane solution and curing the coatings at 400 oc both increased the flexural strength 
and modulus for Skybond ceramer interlayered composites. The flexural strength and 
modulus values of composites with room temp~rature cured ceramer interlayers were 
found to be similar to those of control composites. 
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Table 4.26. Flexural test results for composites using fibres coated with pure Skybond 
polyimide and 75 % skybond, 25 % Si02 (DMES modified and unmodified) ceramer. 
Fibre Coatings Cure Strength Modulus Failure 
Temperature (MP a) _{_GPl!}_ Type 
1 % solution pure Skybond Standard 1376 ± 33 42.47 ± 0.0 Tensile 
1 % solution with DMES Standard 1334 ± 40 33.93 ± 0.0 Mixed 
1 % solution with DMES 400 °C 1325 ± 17 44.40 ± 0.34 Tensile 
4 % solution with DMES Room 1583 ± 48 47.16±0.5 Mixed 
Temperature 
4 % solution with DMES Standard 1420±51 43 .64 ± 0.45 Mixed 
4 % solution with DMES 400°C 1416 ± 69 51.22 ± 1.6 Tensile 
1 % solution without DMES Standard 1699 ± 43 52.05 ± 3.4 Tensile 
4 % solution without DMES Standard 1492 ± 14 46.60 ± 0.45 Mixed 
The flexural test results for composites with pure Pyre-1\lfL polyimide interlayers and those 
with 75% Pyre-1\lfL, 25% Si02 (DMES modified and unmodified) ceramer interlayers are 
shown in table 4.27. Both types of ceramer interlayers increased significantly both the 
flexural strength and modulus of composites in comparison to pure polyimide interlayers. 
Table 4.27. Flexural test results for composites usmg fibres coated pure Pyre-ML 
polyimide and 75 % Pyre-ML, 25 % Si02 (DMES modified and unmodified) ceramer. 
Fibre Coatings Cure Strength Modulus Failure 
Temperature (MP a) (GP a) TyQ_e 
I % solution pure Pyre-1\lfL Standard 1345 ± 38 37.93 ± 0.3 Tensile 
4 % solution pure Pyre-ML Standard 1223 ± 71 37.27 ± 0.87 Mixed 
I % solution with DMES Standard 1428±15 43.83 ± 1.7 Tensile 
4 % solution with DMES Standard 1425 ± 35 42.89 ± 0.58 Mixed 
1 % solution without Standard 1602 ± 23 49.25 ± 0.0 Mixed 
DMES 
4 % solution without Standard 1484 ± 73 51.30 ± 1.55 Mixed 
DMES 
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4.9. SEM Examinations of Fractured ILSS Specimens. 
The locus of failure must be evaluated for interfacial testing m order to explain 
experimental results. In coated fibre reinforced composite systems, three types of failures 
may be identified for the systems examined: one at the interface between coating surface 
and matrix, another at the interface between fibre and coating, and a third failure occurring 
within the interlayer. 
An SEM micrograph of the fracture surface of a composite produced with "as received" 
fibres is shown in figure 4.27. This reveals the presence of a very thin layer of sizing on the 
fibre surface with bits of epoxy resin sticking on to fibres in some areas. 
An SEM micrograph of the fracture surface of a composite produced with xylene washed 
fibres is shown in figure 4.28. The presence of bare fibres with some isolated areas of bits 
of epoxy matrix sticking on fibres is evident. 
An SEM micrograph of the fracture surface of a composite produced with fibres coated 
with a 1 % solution of 75 % Skybond, 25 % Si02 (DMES modified) ceramer is shown in 
figure 4.29. This reveals the presence offibres with a very thin coating and some isolated 
remnants of epoxy matrix. 
An SEM micrograph of the fracture surface of a composite produced with fibres coated 
with a 1 % solution of 75 % Skybond, 25 % Si02 (DMES modified) ceramer and with a 
0.5 % solution of amine coupling agent is shown in figure 4.30. A slightly rougher thin 
layer of coating and retained epoxy matrix overlayers are apparent. 
An SEM micrograph of the fracture surface of a composite produced with fibres coated 
with a 4% solution ofDMES modified Si02 is shown in figure 4.31 . The presence of bare 
fibres with a few bits of epoxy matrix at some points are evident. 
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An SEM micrograph of the fracture surface of a composite produced with fibres coated 
with a 4 % solution of 75 % Skybond, 25 % Si02 (DMES modified) ceramer (cured at 
room temperature) is given in figure 4.32. This shows that the fibres are bare and the 
failure of the epoxy matrix is slightly ductile. 
An SEM micrograph of the fracture surface of a composite produced with fibres coated 
with a 4 % solution of 75 % Skybond, 25 % Si02 (D1\.1ES modified) ceramer is shown in 
figure 4.33. The presence of a thin coating with sticking patchy epoxy matrix at some 
areas is evident. 
An SEM micrograph of the fracture surface of a composite produced with fibres coated 
with a 4% solution of75% Skybond, 25% Si02 (Unmodified) ceramer is shown in figure 
4.34. The presence of a uniform thin coating can be clearly seen from this micrograph. 
An SEM micrograph of the fracture surface of a composite produced with fibres coated 
with a 4 % solution of 75 % Pyre-ML, 25 % S.i02 (Unmodified) ceramer is shown in 
figure 4.35. A very fine uniform thin coating can be clearly seen. 
An SEM micrograph of the fracture surface of a composite produced with fibres coated 
with a 4 % solution of 75 % Pyre-ML, 25 % Si02 (Unmodified) ceramer (this ceramer 
solution also contains a 1 % additional epoxy coupling agent solution) is shown in figure 
4.36. A uniform thin coating with sticking areas of epoxy matrix is apparent. 
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Fig. 4.27. SEM micrograph of the fracture surface of a composite produced with "as 
received" fibres. 
Fig. 4.28. SEM micrograph of the fracture surface of a composite produced with xylene 
washed fibres. 
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Fig. 4 .29. SEM micrograph of the fracture surface of a composite produced with fibres 
coated with a 1 %solution of75% Skybond, 25% Si02 (DMES modified) ceramer. 
Fig. 4.30. SEM micrograph of the fracture surface of a composite produced with fibres 
coated with a 1 % solution of 75 % Skybond, 25 % Si02 (DMES modified) ceramer and 
with a 0.5% solution of amine coupling agent. 
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Fig. 4.31. SEM micrograph of the fracture surface of a composite produced with fibres 
coated with a 4 % solution ofDl\.1ES modified Si02 . 
' L• SE1 EHT• 10.0 KV IlD· 23 mn PHOTO• 40 
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50.01JRll------f 
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Fig. 4.32. SEM micrograph of the fracture surface of a composite produced with fibres 
coated with a 4 % solution of 75 % Skybond, 25 % Si02 (DMES modified) ceramer 
(cured at room temperature). 
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Fig. 4.33 . SEM micrograph of the fracture surface of a composite produced with fibres 
coated with a 4% solution of75% Skybond., 25% Si02 (DMES modified) ceramer. 
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Fig. 4.34. SEM micrograph of the fractu re surface of a composite produced with fibres 
coated with a 4% solution of75% Skybond, 25% Si02 (Unmodified) ceramer. 
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Fig. 4.35. SEM micrograph of the fracture surface of a composite produced with fibres 
coated with a 4% solution of75% Pyre-1v1L, 25% Si02 (Unmodified) ceramer. 
Fig. 4.36. SEM micrograph of the fracture surface of a composite produced with fibres 
coated with a 4 % solution of 75 % Pyre-ML, 25 % Si02 (Unmodified) ceramer (this 
ceramer solution also contains a 1 % additional epoxy coupling agent solution). 
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4.10 Thermal Expansion ofCeramer Interlayered Composite Specimens. 
A$ observed on the thermal expansion testing of free films, the interlayer material has 
thermal properties that are intermediate between those of the matrix and the · 
reinforcement. The incorporation of the interlayers has a dramatic effect on the thermal 
expansion behaviour of composites in spite of their low volumes relative to the fibre and 
matrix. Similarly to the modulus, substantial differences in thermal expansion coefficient 
can be found when comparing values at temperatures above and below the Tg of the 
matrix. The obvious effect of interlayers was to reduce the CTE overall and to reduce the 
ratio of CTEs above and below the Tg. The effect of interlayers became significant at 
higher temperatures specially above the Tg of epoxy matrix in reducing the thermal 
expansion. Composite specimens were tested mainly in the transverse direction, while 
some specimens were tested at 45 • to the direction of the fibres. A few specimens were 
also tested in the fibre direction. 
The variation of coefficient of linear expansion and linear expansion with temperature for 
control composites and composites produced with fibres coated with various interlayers 
are shown between figures 4.37 and 4.49. 
Fig. 4.37 shows that below Tg of the epoxy matrix, Si02 interlayered composite specimen 
has the lowest CTE whereas the pure Pyre-:ML polyimide interlayered specimen results in 
a CTE between the CTEs of as received and Si02 interlayered composite specimen. Si02 
coating does not change the Tg, whereas the PI coating increases the Tg. Above Tg of the 
epoxy matrix again the Si02 shows a reduction in CTE. 
Fig. 4.38 shows that Pyre-:ML based ceramer (bot~ modified and unmodified) interlayered 
composite specimens result in a lower CTE than that of the control specimen below and 
above the Tg of the epoxy matrix. The unmodified ceramer interlayered composite 
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specimen, however, has a significant reduction in CTE compared to control specimen. 
Also both ceramer interlayers increase the Tg of the composite. 
Fig. 4.39 shows that, as was the case for Pyre-ML ceramer interlayered composite 
specimens, DMES modified and unmodified types of Skybond ceramer interlayered 
composite specimens have lower CTEs than that of control specimen both below and 
above the Tg of the epoxy matrix. Similar to the case presented in fig.4.38, the reduction 
in CTE for unmodified type Skybond ceramer interlayered composite is significantly 
higher than that of modified type Skybond ceramer interlayered composite. Modified type 
ceramer interlayer does not change the Tg, while the unmodified ceramer interlayer 
increases the Tg of the composite. 
Fig. 4.40 shows that both modified and unmodified type Si02 interlayered composites have 
lower CTEs than that of the control composite both below and above the Tg of the epoxy 
matrix. Unmodified SiOz interlayered specimen, however, has the lowest CTE. 
Fig. 4.41 shows that increasing SiOz (with DMES) content of fibre coatings from 25% to 
50 % causes a considerable reduction on the CTE of Pyre-ML ceramer interlayered 
composites both below and above the Tg of the epoxy matrix. Increased SiOz within 
interlayers, on the other hand, reduces the Tg of the composite. 
Fig. 4.42 shows that increased cure temperatures for Pyre-ML based ceramer (with 
DMES) coatings give rise to a reduced CTE both below and above the Tg of the 
composite. For coatings cured at 400 •c decreased CTE may be attributed to the ordering, 
molecular orientation of polyimide phase at temperatures above 300 •c. Increased cure 
temperature reduced the Tg of the composite. 
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Fig. 4.43 shows that increasing cure temperature from 300 oc to 400 °C for Skybond 
based ceramer (with DMES) interlayered composite results in a decreased CTE as was the 
case for Pyre-ML based ceramer coatings. This effect is notable especially above the Tg of 
the composite. The Tg of the composite, however, increases with increased cure 
temperature of interlayers. 
Fig. 4.44 shows that Skybond based ceramer (with DMES) interlayered composite 
exhibits a significantly lower CTE than the CTE ofPyre-ML based ceramer (with DMES) 
interlayered composite both below and above the Tg of the composite. It also shows that 
Pyre-ML based ceramer interlayered composite produces a higher Tg than that of 
Skybond based ceramer interlayered composite. 
Fig. 4.45 shows that increasing the thickness of 75 % Pyre-ML based ceramer (with 
DMES) interlayers causes a considerable reduction on the CTE of composites. The 
reduction on CTE becomes pronounced above. the Tg of the composite. Increased 
interlayer thickness, on the other hand, gives rise to an increased Tg. 
Fig. 4.46 shows that the linear thermal expansion curves ofPyre-ML based ceramer (with 
and without DMES) interlayered composites, as expected, follow the same trend (i.e. 
reduction in the expansion values) as the coefficient of thermal expansion of same 
composites given in fig. 4.38. 
Fig. 4.47 shows that the CTE curves of composites with varying interlayer thicknesses, 
tested at 45° to the direction of fibres, follow a similar trend to the CTE curves of same 
interlayered composites given in fig. 4.45 which are tested in the transverse direction to 
the fibres. 
Fig. 4.48 also shows that the CTE curves of composites produced from fibres with 
ceramer coatings of differing composition tested at 45° to the direction of fibres follow the 
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same trend as the coefficient of thermal expansion curves of composites given in fig. 4.41 
which are tested in transverse direction to the fibres. 
Fig. 4.49a and 4.49b show that the Skybond based ceramer coatings were effective in 
reducing the coefficient of thermal expansion and linear thermal expansion of composites 
even in longitudinal direction where the low expansion of the fibres is dominant in the 
overall expansion. Even in this case the ceramer coatings with unmodified silica resulted in 
a higher reduction in CTE than that for the ceramer coatings with modified silica. The 
longitudinal linear thermal expansion curves of interlayered composites exhibit a similar 
trend to the longitudinal coefficient of thermal expansion of interlayered composites. 
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and composites produced with fibres coated with 4 % solutions of 75 % Skybond, 25 % 
Si02 (DMES modified and unmodified) ceramers (tested in longitudinal direction). 
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4.11. Dynamic Mechanical Thermal Analysis Results. 
Dynamic Mechanical Thennal Analysis can detect the effect of surface treatments with 
much greater accuracy than the standard mechanical tests such as interlaminar shear 
strength test. In the longitudinal testing mode the properties observed are not very 
sensitive to variations in the mechanical properties of the matrix since the fibres carry the 
highest proportion of the load in this direction. In the transverse testing mode, although 
both the fibres and the matrix experience the applied stress unifonnly, the properties of the 
composite show much greater sensitivity to changes in the matrix properties. 
Specimens tested mostly in longitudinal direction and some specimens tested in transverse 
direction are also included in the analysis. In spite of the presence of very thin interlayers, 
the DMT A was able to reveal the differences among the surface treatments and the effect 
was enhanced clearly by employing the shortest span possible for which the span/ 
thickness ratio is 2: I. As can be seen from the following graphs, DMT A gave proof of the 
existence of an interfacial layer with a lower molec).llar mobility. 
The tan delta data for composites produced with "as received" and xylene washed glass 
fibres and tested in the longitudinal direction is shown in figure 4.50. Xylene washing 
caused a small reduction in the tan delta values, which can be attributed to the removal of 
sizing material made of a polymer with higher molecular mobility than the cross-linked 
matrix. 
The effect of curing temperature of fibre coatings on the storage modulus (E') and tan 
delta data for composites produced with fibres coated with a 1 % solution of pure Pyre-
ML polyirnide and tested in the longitudinal direction is shown in figures 4.5la and 4.5lb. 
Although there is a slight reduction in the storage modulus up to the Tg of epoxy matrix in 
the case of interlayers cured at 400 "C, these graphs show that increasing the cure 
temperature increases the storage modulus, especially at temperatures above the glass 
transition of epoxy matrix whereas increasing the cure temperature decreases the tan 
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delta. The data in the two graphs also show that there has been a shift in the glass 
transition to higher temperatures. 
The effect of curing temperature of fibre coatings on the storage modulus (E') and tan 
delta data for composites produced with fibres coated with a 4 % solution of pure 
Skybond polyimide and tested in the longitudinal direction is shown in figures 4.52a and 
4.52b. As is the case for pure Pyre-ML coatings, curing at 400 "C causes a slight 
reduction in the storage modulus up to the Tg of epoxy matrix. Nevertheless, at 
temperatures above the glass transition of epoxy matrix an increase is observed in the 
storage modulus. On the other hand, increasing the cure temperature decreases the tan 
delta when pure Skybond used to coat fibres. The data in these graphs reveal, however, 
that there has been a very slight shift in the glass transition to higher temperatures. 
The effect of composition of fibre coatings on the storage modulus (E') and tan delta data 
for composites produced with fibres coated with a 1 % solution of Pyre-ML based 
ceramer (with DMES modified silica) and tested in the longitudinal direction is shown in 
figures 4.53a and 4.53b. These indicate that increasing the silica content within interlayers 
increases the storage modulus. This effect is more marked below the glass transition of 
epoxy matrix. The tan delta decreases and the glass transition shifts to lower temperatures 
with the increasing silica present within coatings. 
The effect of DMES modification of fibre coatings on the storage modulus (E') and tan 
delta data for composites produced with fibres coated with a 4 % solution of 75 % 
Skybond based ceramers and tested in the longitudinal direction is shown in figures 4.54a 
and 4.54b. These graphs show that absence of DMES causes some reduction in the 
storage modulus up to the Tg of epoxy matrix. However, it gives rise to a considerable 
increase in the storage modulus at temperatures above the glass transition temperature of 
epoxy matrix. The tan delta increases with the presence of DMES. Since DMES is a 
toughening phase it enhances the tan delta. Although both samples exhibit an additional 
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tan delta peak (or shoulder formation) after the main tan delta peak, the Dl\1ES modified 
sample has a more pronounced additional tan delta peak around 200 "C. 
The effect of fibre coatings, based on pure Skybond, 75 % Skybond ceramer and 
• 
alkoxysilane deposited from 4 % solutions, on the storage modulus (E') and tan delta data 
for composites tested in the longitudinal direction is shown in figures 4.55a and 4.55b. As 
can be seen the silica coatings produced the lowest storage modulus at all testing 
temperature range. Ceramer coatings, on the other hand, produced the highest storage 
modulus at temperatures above the glass transition temperature of the matrix. Fig. 4.55b 
shows that the 75 % Skybond ceramer (with Dl\1ES modified silica) coating produced the 
lowest tan delta values, whereas the pure Skybond coatings gave rise to the highest tan 
delta values and shifted the glass transition to higher temperatures. 
The effect of fibre coatings deposited from 4 % solutions of 75 % Skybond based 
ceramers (Unmodified) on the storage modulus (E') and tan delta data· of composites 
tested in the longitudinal direction is shown in figures 4.56a and 4.56b. The graphs show 
that the neat epoxy matrix produced the lowest storage modulus for all the testing 
temperature range. Ceramer coating (without Dl\1ES modification) caused a significant 
increase in the storage modulus at temperatures above the glass transition temperature of 
epoxy matrix with respect to the specimens with "as received" glass fibres. As it was 
expected, the neat epoxy matrix had the highest tan delta value whereas the ceramer 
coatings resulted in a dramatic decrease in the tan delta value. 
The effect of interlayers deposited from 4 % solutions of 75 % Skybond based ceramers 
(with and without Dl\1ES modification) on the storage modulus (E') and tan delta data for 
composites tested in the longitudinal direction is shown in figures 4.57a and 4.57b. These 
graphs demonstrate that both types of ceramer coatings resulted in significant increases in 
the storage modulus values at temperatures above the glass transition temperature of 
epoxy matrix which is indicative of presence of ceramer coatings at the interfacial region. 
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Both types of ceramer coatings caused, as it was expected, a substantial decrease in the 
tan delta with respect to the specimen with "as received" glass fibres. 
The effect of fibre coating thickness (coatings deposited 1 % and 4 % solutions of 75 % 
Skybond ceramers without DMES) on the tan delta of composites tested in the 
longitudinal direction is shown in figure 4.58. These graphs indicate that thicker coatings 
gave a larger reduction in tan delta values. 
The effect of various fibre coatings, deposited from 4% solutions of pure Skybond, 75% 
Skybond ceramers and alkoxysilane, on the storage modulus (E') and tan delta data of 
composites tested in the transverse direction is shown in figures 4.59a and 4.59b. As can 
be seen silica coatings (with DMES modification) resulted in the lowest storage modulus 
at all testing temperature range whereas ceramer coatings (without DMES modification) 
had the highest storage modulus among the specimens at all temperatures. Pure Skybond 
coatings exhibited a higher storage modulus than the ceramer coatings containing DMES 
modification. The effect ofDMES in reducing the storage modulus was more obvious for 
specimens tested in the transverse direction. The effect coatings on tan delta followed the 
reverse trend to that for E' values. There was a tendency towards broader Tg peaks with 
decreasing tan delta values. The specimens tested in the transverse direction gave rise to 
much higher tan delta peak values than the specimens tested in the longitudinal direction. 
180 
0.20 
0.15 
0.10 
-•- "As received" fibres 
-•- Xylene washed fibres 0.05~~----~------~~~, 
•=•=•=•=•=•=•-·-···~ 0.004---~~~~~~--.--~--~--~-.r-~--~--~ 
0 50 100 150 200 250 
T t (OC) empera ure 
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CHAPTERS 
DISCUSSION 
5.1. Preparation of Alkoxysilane and Ceramer Solutions. 
The difunctional silane alkoxide DMES was used as a network modifier. It essentially 
reduces the number of crosslinks or in other words it reduces the crosslinking density of 
the silicate network95• This may also be expected to produce a non-porous and 
hydrophobic structure. In acidic conditions the hydrolysis rate of alkoxysilanes increases 
significantly when the functionality of alkoxysilane decreases. Accordingly, DMES should 
have a greater hydrolysis rate than TEOS in acidic conditions and would, therefore, 
decrease the possibility of having unreacted alkoxides in the precursor solutions. Although 
the hydrolysis rate of DMES is fast in acidic medium, the rate of the condensation 
reactions remains low197• 
The above findings are also evident in this study in so far as the TEOS solutions 
containing DMES did not require long stirring times to obtain miscibility of the phases. 
They quickly became clear after a very short mixing period. Partial replacement of TEOS 
with the DMES reduces the concentration of alkoxysilane groups within the solution. 
While this speeds up the hydrolysis reactions of TEOS in solution, the gelation time of the 
solution increases appreciably. The rate of both events is in proportion to the reduction in 
the concentration of alkoxysilane groups. The addition of the epoxy coupling agent 
(GOTMS) to the TEOS solution, however, results in a decreased gelation time. 
An epoxy silane coupling agent is added to the ceramer solution to improve the 
"compatibility" between the silica and polyimide phases. The use of silanes with 
trimethoxysilane groups, however, is to provide a functionality to the organic component. 
It is possible that compatibility is obtained through the reaction of the epoxy groups in the 
coupling agent both with themselves and with the carboxylic groups of the polyamic 
191 
acid167• These reactions are known to be the cause of reduced gelation times198• A 
coupling agent has the tendency to prevent th~ formation of high molecular weight 
silicates, and reduces the size of silica particles162• 
The degree of compatibility of the silica and polyimide phases is affected by the molecular 
weight of polyamic acid. There is a direct correlation between the molecular weight of the 
matrix and the size of the resulting silica domains199• An increase in the molecular weight 
· leads to reduced compatibility of the two phases, as a result longer times are needed to 
compatibilise high molecular weight polyamic acids (Pyre-ML) with the precursor silica 
solution. 
The addition of DMES was found to reduce the compatibility of ceramer solutions 
specially in the case of high molecular weight polyamic acids. DMES confers the 
hydrophobicity to the silica network through the presence of methyl groups. This reduces 
the solubility leading to a phase separated particulate structure168• It was not possible to 
obtain a eo-continuous morphology for high molecular weight polyamic acids in the 
presence ofDMES within the silica phase even after longer periods of mixing time. 
However, the effect ofDMES on the compatibility of the low molecular weight polyamic 
acid (Skybond) and silica was negligible. Addition of DMES did not result in a particulate 
structure. Under the same mixing conditions, both solutions produced eo-continuous 
morphologies. 
5.2. Coating of Glass Slides and Glass Fibres. 
Glass slides cleaned with isopropyl alcohol formed uniform clear films on them when 
dipped into the ceramer solutions. The resultant _coatings were checked visually for the 
uniformity and amber colour and their reproducibility were found to be acceptable. During 
drying and curing of the coatings precipitation of the polyamic acid was not observed, 
because the coatings on the glass slides were relatively thick. At the same time, the 
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coatings were 'found to be thin enough to avoid shrinkage induced cracking, since no 
visible cracks were observed on the surface of coated glass slides. 
In a fibre coating process, the separation of filaments is very important since their 
aggregation would make it impossible to wet-out completely all the filaments in the 
rovings200• It was demonstrated that xylene cleaning treatment (section 4.5) performed 
with a simple equipment (Fig. 3.5) was able to remove the processing sizing from the 
surface of glass fibres down to negligible levels. Both the very low speed rotation of the 
wheel in the equipment and the heating of the xylene ensured an efficient cleaning of the 
fibres. After this washing treatment, all the individual filaments were found to move freely. 
Fibres that had been desized in hot xylene are thus particularly suited to the application of 
a coating. In fact, the effectiveness of "hot" xylene washing was reflected also in the 
continuity of the coating on every individual filament, even without application of an air jet 
to separate the fibres. To this end, the very low viscosity of dilute polyamic acid and 
ceramer solutions were also found to be useful. 
Any fractional residue on the glass fibre surfaces was not considered to be harmful for the 
subsequent coating process, since the supposed remaining material was thought to· be the 
chemically bonded part of the silane coupling agent. It was, therefore, anticipated that 
these residues would also promote the formation of uniform coatings through the 
reduction in surface free energy between the glass and coating solution. This would, in 
turn, improve the adhesion. 
The method employed in the coating of glass fibres is required to be as simple, cheap and 
effective as possible, enabling the formation of continuous coatings on fibres201 _ 
Undoubtedly, the sol-gel coating technique meets the above criteria. In this technique, 
fibres are immersed in a solution and a coating is deposited by electrostatic attraction. In 
terms of capital equipment, the dip coating process is attractive since it consists of 
cleaning the glass surface, drying, dipping in the sol bath and slowly withdrawing the glass 
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allowing it to gel. Finally the fibres are dried and the coating is densified by the heat 
treatment202• 
The conversion of polyamic acid to polyimide, particularly the high molecular weight 
(Pyre-l\11..) types, requires the presence of a considerable amount of residual solvent to 
prevent the species at the more advanced state of imidisation separating from those at a 
low state of imidisation, thereby avoiding the precipitation of particles before the 
imidisation process is completed203• The solvent, NMP, can have both a catalytic effect on 
the imidisation or can directly affect the rate through the increased molecular chain 
motions which plasticise the polymer. The precipitation problem is likely to be accentuated 
by the presence of another component, particularly if the latter produces a molecular 
network, as in the case of ceramers. 
In this study, the resultant films were extremely thin. They were probably the thinnest of 
all polyimide films ever applied on to substrates. In sol-gel ceramer coatings, the ability of 
the coating technique to produce a thin film is considered to be the main advantage 
through which the formation of cracks and pores can be avoided in the resultant film204• 
However, in the case of polyamic acids a reduction in the coating thickness increases the 
evaporation rate of solvent leaving the coating in a solvent deficient state. The lack of 
solvent has an inhibiting effect on the imidisation process of thin films. Thick films, on the 
other hand, have the ability to keep the necessary solvent until the later stages of 
imidisation process. This can be explained by the formation of a thin "solid" polyimide 
layer at the top of the coating, which is less permeable to evaporated solvent, thereby 
entrapping the solvent in the interior of the coating. This outer skin effectively reduces the 
rate of diffusion of solvent and therefore more solvent is available for imidisation to go 
completion. 
In spite of the difficulties, which is inherent to polyamic acids in obtaining sub-micron size 
films, the necessary precautions taken as explained in section 3.6.2 were sufficient to 
produce very thin, amber coloured, coatings on the glass fibre surfaces. 
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5.3. Development of Model Composites (Compression Double Lap Shear Test 
Specimens). 
There had been several attempts, with limited success, to employ specimens of massive 
glass to simulate interfacial shear in glass fibre reinforced composites. Gaggar and 
Broutman20', for example, used ground E glass plate specimens with various surface 
treatments (2 inches x 1 inch x 1/2 inch) in a single cross lap joint configuration bonded 
with epoxy resin to test interfacial shear strength. Heat cleaned, mould release agent 
treated and various silane coupling agent treated specimens were prepared. Only for 
samples treated with mould release agent bond failure occurred. In the case of heat 
cleaning, samples broke near the surface in the bulk glass at a stress level higher than that 
of the mould release treated samples before shear failure occurred. With silane coupling 
agent treated samples, it was not possible to obtain bond strength values since the glass 
samples broke before the shear failure occurred. · 
It was claimed206, therefore, that the test methods employing massive glass specimens are 
not satisfactory for various reasons. Firstly, these massive glass samples have to be 
carefully ground and polished to make them smooth. The surface of these glasses varies 
considerably with respect to mechanical and chemical properties in comparison with the 
initial surface due to the grinding and polishing. Secondly, mechanical strength of thick 
glasses is inherently low and they are very brittle mainly due to the surface flaws. It is, 
therefore, actually impossible to test the adhesion of resins with strong adhesion to such 
glasses because of the cohesive destruction of brittle glass specimens during the testing. 
In spite of the above reservations, in this study it was possible to test the coated thick 
glass specimens bonded with a relatively high strength epoxy adhesive. The relatively high 
quality knife glass (section 3.1.6), which is normally used in the preparation of 
ultramicrotomed specimens for the microscopy studies, and the configuration of the test 
specimen, which was developed through many trials, made it possible to achieve the 
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testing with a great consistency. The glass sheets had virtually notch free cut edges in their 
as received condition. Knifemaker also maintained the same quality notch free cut edges 
eliminating the need for grinding and polishing. This together with the compression mode 
in testing, prevented premature failure of glass specimens. 
When the configuration of the compression double lap shear specimen is considered (see 
fig. 3.3), there are four pieces of epoxy adhesives which are located as 2 in series and 2 in 
parallel. They are placed, within the configuration of the compression double lap shear 
specimens, in such a way that a balanced stress distribution and a minimised stress 
intensification can be obtained. Top two stresses are additive. Top and bottom stresses are 
averages which give rise to an excellent test specimen. 
Furthermore, as was previously reported207 the ceramer coatings were thought to enhance 
the toughness of glass slides through the healing of possible existing flaws on the surfaces. 
In this study, the highest attainable average shear strength value was 41.4 MPa. Since 
nearly all specimens failed adhesively, the expected stress intensifications, due to the 
configuration of compression double lap shear specimens, were considered to be at 
negligible levels. 
Recently Yue and Loo?08 were able to test glass specimens . bonded with a medium 
strength epoxy resin. They used precision grinding technique to prepare the edges of 5 mm 
thick glass specimens. Surprisingly, the configuration of the test specimens with some 
small differences was similar to the configuration that was employed in the present study. 
The average shear strength that was attainable from these glass specimens was 31.5 MPa. 
In order to be able to draw any sound conclusions from the substantial amount of shear 
strength data presented, it is necessary to take into account the reproducibility of the test 
method and the scatter of results. Consideration of the data demonstrates that where the 
same ceramer coating has been applied to the same glass sheets in different experiments, 
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shear strength values are, on average, very similar. The scatter of results as indicated by a 
relatively low standard deviation which is generally less than 10 %. All these indicate that 
the model composites are reasonably reproducible. Also the large differences in the 
obtained shear strength values due to the use of different coating compositions reflects the 
responsiveness of this test method. 
5.4. Compression Double Lap Shear Tests on Model Composites. 
All treatments and modifications performed on glass slides reflected in the tests of model 
composites. The results were a clear sign of sensitivity of the model composites to any 
changes taking place on the surfaces of glass slides. Specially, Kioul's167 tensile strength/ 
ductility data, which were obtained for free ceramer films, were in line with the shear 
strength data of the ceramer interlayered double lap shear test specimens. 
The initial condensation of alkoxysilanes (or silancils) with mineral surfaces may be driven 
to completion by heating and by adding catalysts for the condensation. A drying 
temperature of 100 •c is sufficient to bond coupling agents to E-glass, while the reaction 
with silica may require a temperature of 120 "C-200 "C209• In fact curing the coupling 
agent at 300 •c (section 4.3.1, Table 4.1 and Fig. 4.1) improved considerably the shear 
strength of coupling agent treated samples via probably the establishment of strong bonds 
which resulted in a substrate failure at a higher stress level than that of 200 •c treatment. 
This treatment may well remove the weak boundary layers present at the interfacial region 
and may cause oxidation which would improve the interfacial adhesion. 
Aminosilane adhesion promoters have been used to couple silicon dioxide surfaces with 
polyamic acid/ polyimide resins (see section 2.11 ). 3-aminopropyltriethoxysilane (APS) is 
trifunctional in ethoxyside, it forms crosslinked structures of condensed silanols over a 
given silanol-rich surface210• APS treatment of the glass slide surfaces (I. coupling agent 
layer, see figure 3.4) is the apparent cause of increased shear strength (Table 4.2), 
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signifying that the silane coupling agent is effective in improving the adhesive strength 
between the glass slide surface and ceramer coating. 
Fully cured polyimides exhibit an inert (non-reactive) behaviour due to the absence of any 
functional groups left. This results in poor adhesion. In the case of ceramer interlayers, 
some sort of interaction is necessary with the glass and matrix. Because of the inert nattire 
of fully cured polyimide, there can not be any reaction with the epoxy matrix. Similarly, 
silane coupling agents would not react with fully cured polyimides. To overcome this 
difficulty, Il. coupling agent layer was applied on the partially cured polyimide ceramers 
with a view to increasing the extent of reaction between the interlayer and the coupling 
agent (see figure 3.4). Reactions between acidic groups such as carboxylic acids and 
amines are possible, therefore, the APS coupling agent is able to react with both the silica 
component and the polyimide component of a partially cured ceramer interlayer. As a 
result, both inorganic and organic ends of the amine coupling agent is expected to play a 
role in the adhesion enhancement of ceramer interlayers towards epoxy matrix. The 
resultant fully cured ceramer surface would easily react with epoxy adhesive film in model 
composites. The enhanced adhesion by this route was evident. The obtained high shear 
strength values (Table 4.2) were a clear indication of effectiveness of this type of surface 
treatment. In addition to the above chemical reaction, physical interactions would be 
suggested in the form of a chain diffusion across the ceramer/ epoxy interface as a further 
contribution to the interfacial bond strength. Bearing in mind the porous nature of the 
silica phase. Although the failure of specimens were mainly interfacial type, there was 
some evidence of adhering small pieces epoxy to the substrates. 
In a conventional composite, fillers can act as decelerators and momentary arresters of 
propagating cracks. Thus their presence can be beneficial in delaying failures. In a 
composite, the failure process becomes faster o~ slower depending on the ductility or 
brittleness of the reinforcing phase. Ductile fillers increase the deformation energy leading 
to a toughened composite while hard fillers result in an embrittled composite with 
increased stiffness211 • 
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The presence of a silica phase within the polyimide increases the modulus and strength of 
the ceramers but causes a substantial reduction in their ductility. Normally, the Si02 gel 
formed even after heat treatment at 200 •c still contain large amounts of OH groups and 
probably unreacted alkoxides. The resulting silica structure is very porous and 
mechanically very weak212• This is one of the serious disadvantages of the sol-gel method. 
In the absence of DMES, a well compatibilised hybrid gives rise to the concurrent 
formation of a polyimide and silica network. Higher concentrations of silica favour the 
formation of this morphology. Since the two networks interpenetrate one another, the 
hybrid material can exhibit very unusual mechanical properties. 
In eo-continuous systems the increased stiffness occurs at the expense of ductility. 
However, the loss of ductility can be alleviated appreciably by having dispersed softer 
silica particles in polyimide matrix. By the incorporation of difunctional hydrophobic 
DMES into the silica, the morphology changes to dispersed particles due to the 
hydrophobicity of DMES component which reduces the solubility of the silicate network 
within the polyamic acid. This leads to a more favourable condition for a precipitated-
particle morphology, which is specially the case for the high molecular weight polyimides. 
DMES modified tough silica particles in a polyimide matrix can be likened to the rubber 
particles in an epoxy matrix. 
In model composites, for unmodified ceramer an increase in Si02 content resulted in a 
decrease in the shear strength (section 4.3.3, Table 4.3 and Fig. 4.2). The extension at 
break was also decreased as a result of increased brittleness. This was attributed to the 
formation of a highly branched silica network which is itself a result of increased 
crosslinking density. The highly interconnected .unmodified silica particles led to the 
formation of a stiff eo-continuous type ceramer. From the results typical mechanical 
behaviour of this structure was evident. 
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In the case of DMES modifications higher silica contents also caused a reduction in the 
shear strength (section 4.3.3, Table 4.3 and Fig. 4 . .2). This reduction, however, was not as 
severe as the reduction in unmodified ceramer due to the presence of more toughened 
particles on a comparative basis. Clearly, DMES not only gives rise to a particulate 
structure, but also imparts greater ductility to the silica particles. 
Thermal treatments normally increases the network's connectivity, and therefore, increases 
its strength and modulus by promoting additional silicon-based condensation reactions 
between silanol groups in the silica gel. Similarly, curing polyimides at higher temperatures 
increases the strength and modulus of the resultant films. In polyimides, a substantial 
increase in molecular ordering along the chain axis starts to take place above 300 "C213• 
The properties of polyimide films are strongly influenced by the polymer morphology, 
characterised in terms of molecular orientation and ordering (crystallinity). Therefore, 
ceramers' response to increased cure temperatures must be parallel to the responses of 
silica and polyimide. Additionally, the presence of a eo-continuous phase increases the 
likelihood of occurrence of molecular orientation in polyimides at higher temperatures220• 
The shear strength of ceramer interlayered model composites was found to go through a 
maximum with increasing curing temperature (section 4.3.4, Table 4.4). Curing at 200 •c 
resulted in a relatively low cohesive failure. This was attributed to the presence of a not 
fully developed polyimide and silica phases. On the other hand, curing at 400 •c caused a 
substrate failure although the level of failure stress was higher than that of 200 •c cure. It 
is clear that the high temperature cure increases both the cohesive strength and bond 
strength of ceramer interlayer while degrading the mechanical properties of glass 
substrate. The fact that this improved bond did not give an improvement in the shear 
strength suggests that the substrates were severely weakened. Had the substrate not been 
fractured, the shear strength would have been .higher than that of the 300 •c cure. 
Degradation of glass substrate made impossible the realisation of the full potential of high 
temperature cure of ceramer interlayers. 
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Substrate failure was also observed in only DMES modified silica coated specimens at a 
substantially lower stress level in spite of curing at a lower temperature i.e. 300 •c 
(section 4.3.6, Table 4.6). This peculiar behaviour was also attributed to the degrading 
effect of high temperature treatments on glass substrates which is also a well known 
phenomenon for glass fibres214• 
From the results, it is clear that depending on the coating material used, coatings behave 
as a shield against the degrading effect of high temperature treatments and reduce the level 
of degradation to a certain extent in addition to the blunting the surface cracks which had 
formed during manufacture or handling. Coatings can also protect the surface of glass 
against further damage which may occur after coating process. It would seem that ceramer 
coatings provided the highest protection towards glass substrate while the silica gave the 
lowest protection. On the other hand, silane coupling agent treatment resulted in a 
protection level between the ceramer and the silica coating (Table 4.6). In the case of 
ceramer and silane coupling agent treatments, the shielding effect originates probably from 
the organic components' protective nature since both polyimide and amine coupling agent, 
as explained in the second chapter, are high temperature resistant materials. 
5.5 Morphology and Microstructure of Free Standing Cera mer Films. 
SEM micrographs of the fracture surface ofDMES modified silica/ high molecular weight 
· polyimide ceramers (Fig. 4.6) have interesting features, reminiscent of the typical 
appearance of ductile type fractures, due to plastic deformation within polyimide matrix. It 
seems as if the sub-micron size particles were mostly intact though some of them were 
removed from their positions. This reflects their ability to bear the imposed loads. In fact, 
the debonding stress increases with increasing adhesion and decreasing particle size. 
Vollenberg et. al.215 concluded that in the case of small particles(< 4J.lm) debonding does 
not take place, but some other micromechanical deformation (shear yielding, crazing) is 
the dominating mechanism. All these demonstrate the toughness and efficiency of the 
reinforcing phase and a good adhesion at the particle matrix interface. 
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D:MES modified silica particles have the capability of changing their shape under applied 
pressures and loads. As can be seen from the TEM images (Fig. 4.9), D:MES modified 
silica particles were elongated (i.e. from a spherical shape to an egg shape) through the 
shearing effect of ultramicrotome equipment used during the TEM specimen preparation. 
Therefore, DMES modified silica particles can absorb dynamical loadings and this 
toughness can be carried over into the ceramers. The shearing effect of ultramicrotome 
equipment also caused the crushing of some of the particles though most of them 
remained intact. The crushed particles were not debonded completely from their positions, 
leaving a thin layer of material firmly attached to the polyimide crater. This is obviously a 
clear sign of strong adhesion between the polyimide matrix and modified silica particles. 
SEM micrographs of the fracture surface of unmodified silica/ high molecular weight 
polyamic acid ceramer (Fig. 4.5) revealed a eo-continuous morphology. The absence of 
DMES modifier within silica phase gave rise to a well compatibilised ceramer with smaller 
domain size. This was also evident in the TEM micrographs (Fig. 4. 10) which revealed the 
presence of fine domains of nanometer dimension. 
SEM micrographs of the fracture surface of both modified and unmodified silica/ low 
molecular weight polyamic acid ceramers (Figures 4.7 and 4.8) showed eo-continuous 
morphologies, with fmer domains than the equivalent high molecular weight systems. Low 
molecular weight polyimide makes the compatibilisation of two phases easier. The effect is 
so pronounced that the presence of D:MES can not prevent the formation of a eo-
continuous structure. However, the presence ofDMES makes the domains slightly bigger. 
Similar trend was observed in TEM micrographs (Figures 4.11 and 4.12) which revealed 
very well compatibilised interpenetrating fine domains of nanometer dimensions. 
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5,6 Thermal Expansion of Free Standing Cera mer Films. 
The curing temperature has a tremendous effect on the thermal expansion of polyimide 
films. For the 200 •c cure (Fig. 4.13), the observed behaviour was attributed to the 
removal of volatiles and still ongoing imidisation process which reduces the overall 
expansion through the shrinkage of imidising polyimide chains during film formation. 
Feger178 observed a 20% shrinkage on average in all directions during the cure ofPMDA-
ODA polyimide films. For the 300 •c cured polyimide film (Fig.4.13), due to the complete 
imidisation no shrinkage is expected and obviously its expansion will be higher than that of 
200 •c cured polyimide film. For the 400 •c cured polyimide film (Fig. 4.13), however, 
the expansion was lowered due to the increased modulus of the polyimide caused by 
molecular structural ordering and orientation which are operative at temperatures above 
300 •c. Curing at 400 •c does not increase imidisation further but gives rise to the 
improved molecular packing in polyimide films. When the Tg of the polyimide is reached 
during high temperature· treatment, the mobility of molecules increase which allows for 
more favourable packing accompanied through shrinkinl16•217• 
The neat epoxy resin exhibited a linear thermal expansion nearly twice that of pure Pyre-· 
ML polyimide resin (Fig.4.14). Polyimides are normally expected to have low thermal 
expansions due to their stiff backbones. The hybrid films exhibited a thermal expansion · 
coefficient much lower than the monocomponent polyimide film produced in the similar 
conditions and with the same curing schedule. Addition of silica depending on its nature 
further reduces the linear expansion ofPyre-ML polyimide resin161 • 
The morphology of ceramers greatly affects the thermal expansion behaviour. In Pyre-ML 
based ceramers the structure of silica has a tremendous effect on the linear thermal 
expansion since the structure of the silica determines the morphology of the resultant 
ceramer. There is a strong correlation between microstructure and thermal expansion. If 
the microstructure system contains more rigid segments, it exhibits a smaller thermal 
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expansion coefficient. Vice versa, if the system contains more flexible segments, it shows a 
larger thermal expansion coefficient. 
When small amounts of DMES is used to replace the same amount of TEOS, the 
crosslinking density of the silica phase decreases leading to a particulate morphology. This 
in turn reduces the modulus of the material and thermal expansion is expected to increase 
accordingly (Figures 4.15 and 4.16). In addition, the DMES modification produces a non-
porous, non-shrinking hydrophobic silica network which repels the water molecules and, 
therefore, there is no volatile material to be removed during heating218• Furthermore, 
dispersed particles can not exert the required geometrical constraints to induce orientation 
in the surrounding polyimide. As explained above, orientation also plays an important role 
in the thermal expansion of polyimides. In fact a matrix containing spherical particles, i.e. 
aspect ratio= I, is an extreme situation of a low constraint composite. Continuity of the 
reinforcement represents the other extreme with aspect ratio ofinfinity219. 
eo-continuous morphology exhibits lower thermal expansion values due to the stiffness of 
the interconnected silica particles. This stiff silica network also restricts the free 
movements of polyimide chains by imposing a substantial constraint on them leading to 
orientation effects. The imposed constraint on polyimide chains in a eo-continuous type 
ceramer is expected to cause a reduction at the starting temperature of molecular 
structural ordering and orientation with respect to pure polyimide. In addition, the pores 
of the silica have the ability to collapse and reswell through desorption or absorption of 
water due to the cyclic changes in environmental stimuli. Due to the ·presence of 
nanometer scale domains, the total amount of interfaces are enormous and they can act as 
a reservoir for water. The extremely small size of pores and interfaces speed up the 
absorption of water through capillary effect. Escape of water molecules during heating 
results in the contraction of material which is translated into a negative expansion in spite 
of an ongoing overall positive expansion of the system. Even if there is no water within the 
pores or interfaces, the thermal expansion will still be very small because of the inherently 
low coefficient of thermal expansion of silica materiaL On the other hand, a particulate 
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morphology is more deformable and its expansion is higher than that of ceramer with eo-
continuous morphology. As a result, thermal expansion behaviour of composite materials 
can be tailored through the use of polyimide ceramers with different morphologies. 
Although the values of CTE of DMES modified and unmodified sol-gel silica are not 
available, it is possible that the coefficient of thermal expansion of ceramers roughly 
follow a mixing rule. 
5.7. Mornhology of Coated Fibres. 
Commercial (as received) glass fibres are completely covered by the size demonstrating 
the effect of sizing processes (Fig. 4.18a). Although both the xylene washing (Fig. 4.18b) 
and the burning of sizing (Fig. 4.18c) had more or less similar effect on the cleaning of 
glass fibres, the xylene washing was preferred to avoid the adverse effects of high 
temperature burning treatment on glass fibres. In spite of some residues left on the fibre 
surface, glass fibres desized in "hot" xylene were considered to be suitable for the 
subsequent application of the sol-gel derived coatings. 
- The effect of coating_ solution concentration was apparent on the resulting coating 
thickness (Figures 4.18d and 4.18e). All the fibre coatings were continuous with no 
uncoated patchy regions. In general, apart from rarely dispersed small sized clusters, the 
coatings appeared to be uniform and fairly smooth. Mascia et. al. 220 used ceramers as a 
matrix material in the production of carbon reinforced composites. Due to the enough 
space available, which is much less than the domain sizes of ceramers used, between 
individual filaments, they presumed that the type of morphology observed in the self 
standing ceramer films will also develop within the ceramer matrix of carbon fibre 
reinforced composite. Since the coatings applied in this study are extremely thin, the 
morphology observed in free ceramer films is presumed to be established in a finer scale 
on glass fibre surfaces. Ceramer coatings obtained from DMES modified silica and high 
molecular weight polyamic acid mixtures reflected the particulate nature of this ceramer 
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(Fig. 4.18£). The nanometer sized modified silica ,grains were apparent especially on the 
coating produced from 2 % concentrated ceramer solution (Fig. 4.18g). These tiny grains 
are expected to behave as weakly bonded points which have a stress relief effect. On the 
other hand, ceramer coatings obtained from modified or unmodified silica and low 
molecular weight polyamic acid mixtures exhibited the fine eo-continuous nature, which 
results in a smooth appearance (Figures 4.18h and 4.18i), of this type of ceramer. 
High concentration solutions tended to form agglomerates of coatings that occurs between 
the fibres (Fig. 4.18j). This excessive deposit keeps the individual filaments together which 
makes infiltration of matrix material difficult during composite production. 
Scanning along the filaments revealed an absence of cracks on the coating surface 
suggesting that the ceramer coatings are fairly flexible. 
5.8. Interlaminar Shear Strength Test. 
Interfacial properties are heavily dependant on the matrix modulus, cohesive strength of 
interfacial region and the interactions at the fibre-matrix interface221 • Normally, for a given 
matrix, adhesion of the fibre to the matrix resin is the dominant factor in the ILSS of the 
composite222• ILSS is a measure of the degree of adhesion between matrix and 
reinforcement. However, the degree of adhesion has no bearing on the stiffness of 
composites223• 
When interlayers are introduced into the composites in the form of coatings, the matrix 
material neighbouring the fibre is replaced by the coating layers. It is reasonable, therefore, 
to say that the bulk properties and interactions of !nterlayers determine the composite end 
properties. 
The incorporation of the various interlayers on glass fibres has seriously affected the ILSS 
of resultant composites. The properties of interlayered fibre composites reflected the 
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cohesive properties of interlayers to a great extent as evidenced by ILSS results. Also the 
force-deflection curves reflected the effect of different interlayers. There is a definite 
tendency for the high shear strength samples to have a more sharply peaked curve. This 
different behaviour could be attributed to the presence of a material with different 
mechanicall thermomechanical properties from that of the matrix resin. The "as received" 
and xylene washed control composites exhibited a brittle type failure, with a short 
deflection at failure, whereas the interlayered composites showed longer deflection at 
break which is indicative of a relatively tougher composite (Fig. 4 .20). After the maximum 
stress, the longer deflection at break with a relatively constant load was accompanied by 
the formation of several cracks through the thickness of specimens (Figures 4.19b and 
4.19c) as observed by Verpoest and Springer224• The failure process was also 
accompanied by the presence of acoustic emissions from the specimens during the testing. 
The amount of cracks increased with increasing coating thickness. This behaviour was 
attributed firstly to the presence of two interfaces in either side of interlayers. The 
presence of more interfaces, therefore, increases the chances of having more failure 
initiation sites. Furthermore, thicker coatings give rise to relatively more voids which also 
increase the amount of failure initiation sites leading to multiple fracture paths within the 
composites . 
Previous researchers such as Chang et. a\.225 observed reductions in both interlaminar 
shear strength and stiffness of interlayered composites with increases in the amount of 
coatings on fibres. This was mainly due to the employment of low strength and low 
stiffness thermoplastic/ elastomer materials in the coating of fibres. In this study there was 
no reduction in the stiffness of composites since the strength of ceramer interlayers is 
comparable to or even higher than that of epoxy inatrix. However, there was a continual 
reduction in the interlaminar shear strength with increases in the amount of coatings on 
fibres (Tables 4.8, 4.9, 4.10 and 4.11). This was attributed to the increased void content 
with increasing interlayer thickness due to the poor wetting of the filaments. As mentioned 
above, the presence of voids increases the likelihood of premature failures in composite 
materials through the reduced mechanical properties. In fact, the adverse effect of voids in 
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composite materials is a well known phenemenon and this effect is more pronounced with 
increasing void content as observed by Hancox226• Wisnom et. al.227 suggested that the 
commonly observed decrease in interlaminar shear strength with voidage is due to the 
reduction of cross-sectional area and initiation of failure from larger voids. In addition, 
due to the tendency of fibres sticking together in bundles especially in the case of thicker 
coatings, there was an impregnation problem of thick coated glass fibres. During the 
rigorous impregnation process, some of the fibres may have been severely damaged 
leading to the reduced mechanical properties. 
DiFrancia et. al. 94 found a striking dependence for the cure state of the polyimide coatings 
on the resulting strength. The partially cured polyimide coatings on the optical glass fibres 
yielded poor stress transfer. The higher shear strengths and moduli measured for the 
higher temperature cured interlayer containing composites are due to the mechanical 
properties of the interlayer alone, rather than a greater interfacial bond strength (Fig. 
4.2 I). High temperature treatment of ceramers invariably leads to increased modulus. As a 
result, a more strong and more rigid interlayer could exist between epoxy matrix and glass 
fibres (Tables 4. 12 and 4.13). 
For fibres coated only with Si02, curing at 400 •c caused a tensile type failure (Table 
4.14). Similar phenomenon occurred in the case of model composites cured at 300 •c. 
Si02 coated glass slides failed at low levels of stress. It is obvious that glass fibres are 
more resistant against the adverse effects of high temperature treatments than the glass 
slides with similar composition. This can be attributed to the intrinsic strength of glass 
fibres. Kosfeld et. al. 228 observed that the mechanical stability of the fibres decreases while 
the size is thermally removed. They found that the breaking resistance of the untreated 
glass fibre is almost twice as high compared to thermally treated glass fibre. Adams et. 
al. 229 attributed the strength loss after heat cleaning of glass fabrics to the exchange of 
sodium ions resulting in weakened tensile strength at the fibre surface. In addition to the 
above well known adverse effect of high temperature on glass fibres, there may be two 
reasons for this to occur. Firstly, absence of organic constituent in the coating composition 
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may worsen the effect of high temperature treatment. In fact the organic coatings are 
known to heal the possible flaws present on the glass fibre surfaces and behave as a shield 
against the degrading effect of high temperatures on glass fibres. Secondly, the porous 
structure of silica coating presumably increases the notch sensitivity of glass fibre surface 
and acts as a stress intensifier leading to a reduced strength. 
It was evident that by coating the glass fibres with DMES modified ceramers, toughening 
of the composite materials can be achieved together with a considerable increase in 
interlaminar shear strength due to the enhanced ductility of this type ceramer (Table 4.18). 
With the omission ofDMES, however, ILSS was reduced while there was a considerable 
increase in the stiffness of the composite (Fig. 4.24). In an analytical study, Theocaris et. 
al.230 showed that the composite stiffness can be increased in encapsulated fibre 
composites by introducing coatings harder than the matrix and that the stiffness of the 
composite increases with the amount of a stiff interlayer. From the results it can be 
deduced that the relatively high modulus of eo-continuous type ceramer coatings 
contributes to the increased stiffness of the composite. This effect was more pronounced 
at higher temperatures as was observed in hot interlaminar shear strength and dynamic 
mechanical thermal analysis tests. 
Both directly applied amine coupling agent (0.5 % solution) onto the glass fibre surface 
and the epoxy coupling agent added (which amounts to 1 % of the whole coating solution) 
into the ceramer coating solution were able to increase the interlaminar shear strength by 
about 10% (Tables 4.15, 4.16 and 4.17 and Fig. 4.22), demonstrating the responsiveness 
of the ceramer coatings to silane treatments. 
The composition of ceramer interlayers considerably affects the interlaminar shear strength 
of composites. For the DMES modified ceramer interlayers, increasing the silica content 
above 25 % caused a reduction in interlaminar shear strength (Table 4.19). This can be 
attributed to the formation of more and larger size silica particles with increasing silica 
content. On the other hand, the modulus was increased with increasing silica content (Fig 
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4.25). This behaviour is similar to the behaviour of a typical inorganic particulate 
reinforced composite material. It is the inorganic phase which stiffens the composite, 
hence increases in inorganic phase inevitably leads to the increases in stiffness. 
ILSS data of the ceramer interlayered composites were in agreement with the tensile 
strength/ ductility data of ceramer films of same composition as was the case for ceramer 
interlayered model composites167• 
Due to the limited ductility of both polyimide and ceramer interlayers compared to the 
previously applied thermoplastic or rubbery interlayers, the deformation of interlayers was 
not observed in this study (see later). The level of obtained toughness, therefore, was 
caused by only the formation of new surfaces during the delamination process. 
5.9. Interlaminar Shear Strength at High Temperatures. 
The modulus the polymeric matrices drops by 3-4 orders of magnitude at the glass 
transition temperature231• Since the temperature significantly alters the bulk mechanical 
properties of the matrix, it plays a more important role than chemical bonding in affecting 
fibre-matrix adhesion in composite systems. The interfacial strength depends mainly on the 
ability of the material bordering to the fibre surface to carry loads. At lower temperatures 
interfacial shear strength is controlled by the interface whereas at higher temperatures it is 
controlled by the matrix in the absence of a strong interfacial layer. Qualitatively, a 
reduction in interfacial strength should be observed at temperatures well below the Tg of 
the matrix used. 
Interlaminar shear strengths decreased rather suddenly over a small range of temperature 
between 120 •c and 150 •c. The reduction in ILSS for these samples is due to the fact 
that the test temperature is approaching the glass transition temperature of the samples. In 
this regard, the behaviour is similar to the deformation of an unreinforced epoxy resin, 
which increases sharply in the vicinity of the glass transition temperature. The glass 
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transition temperature of a polymeric material is affected by the rigidity of the molecule. In 
the case of rigid or constrained molecules, higher temperatures are necessary to allow for 
the molecular motions regarding the deformation of the material. 
Above the glass transition temperature an amorphous polymeric material such as epoxy 
behaves as a rubber whose modulus depends on the degree of crosslinking. Higher 
temperatures, therefore, results in the weakening of the matrix and/ or interfacial regions. 
Xylene washed glass fibres exhibited a relatively superior ILSS performance at high 
temperatures than "as received" glass fibres (Table 4.20). It seems likely that a relatively 
weaker interphase forms owing to the presence of a sizing layer on glass fibres. In fact, as 
already shown in section 4.11, DMTA testing of composite specimens with "as received" 
and xylene washed fibres revealed the effect of sizing material in the formation of a 
material with higher mobility at the interfacial region. In a study of cured sizing/ resin 
mixtures Wachinge~2 observed a decrease in the glass transition temperature, changes in 
cross-linking density and a decrease in the thermal stability due to the sizings. This has 
significant implications for the thermomechanical behaviour and thermal stability of 
composites. 
In thermosetting systems, the interphase may result from changes in the cure chemistry of 
the resin near the fibre surface. Erickson et. al. 233 proposed that the surface properties of 
glass fibres could cause some of the constituents in a thermosetting matrix to be adsorbed, 
deactivated or destroyed. An enrichment of the amine curing agent was shown to develop 
near the fibre surface. Lipatov et. a\.234 concluded that a selective sorption of one of the 
components in a filled epoxy system may occur on· the filler surface before hardening. The 
resulting interphase has a modulus significantly lower than that of the plain resin when 
heated, and consequently a lower glass transition temperature. Such a low modulus region 
would act to arrest crack growth in the matrix and significantly improve the fracture 
toughness. At high temperatures, however, the performance of the composite would be 
significantly reduced. 
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While in general the shear stress transmission decreases substantially with increasing 
temperature, with the introduction of high temperature resistant coatings significant 
improvements could be seen in the thermal stability of composites. In fact, pure polyimide 
or ceramer coatings resulted in increased interlaminar shear strength values at elevated 
temperatures (Table 4.21). It seems likely that the application of thin, cured polyimide/ 
ceramer interlayers prevent the formation of the soft interphase material. In addition, the 
high temperature resistant, strong material is located at the interfacial region which is the 
most strategic region of any composite system. Consequently, ILSS behaviour of 
composites is expected to be improved at elevated temperatures. In spite of the softening 
of the epoxy matrix around glass transition temperatures, polyimide/ ceramer interlayers 
remains intact possibly not reducing its stiffness with increasing temperature (Fig.4.26). 
This helps the composite retain much of its ability to transmit loads even above the glass 
transition temperature of matrix material. 
In this regard, there is a strong correlation between the results of ILSS at high 
temperatures and DMT A experiments. DMT A reflects any decrease in the strength of the 
fibre/ matrix bond by an increase in the measured values of tan delta. The lower the tan 
delta, the higher the high temperature ILSS value was. 
Williams et. al. 235 observed that the application of a thin phenolic material onto the single 
carbon fibre appears to eliminate the formation of the soft interphase material. They 
attributed this to the action of the phenolic coating as a barrier between the surface of the 
fibre and the uncured matrix. 
When DMES is used to partially replace the TEOS component of silica phase, the ILSS 
retention of Skybond ceramer interlayered composites was adversely affected at elevated 
temperatures (Table 4.23). Mascia et. al.220 made similar observations in carbon fibre 
reinforced composites when DMES modified Skybond ceramer is used as matrix material. 
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Silica interlayers with DMES modification did not give any improvement in ILSS at high 
temperatures (Table 4.22). It was apparent that both silica and DMES modification had an 
adverse effect on the ILSS of specimens tested at elevated temperatures. 
5.10. Flexural Strength. 
Except for composite specimens containing unmodified silica and ceramer interlayers from 
1 %solutions (Tables 4.25 and 4.26}, the introduction ofinterlayers generally reduced the 
flexural strength. For those specimens there was, however, no direct relationship between 
the results from flexural strength measurements. and interlaminar shear strength tests. 
There was also a difference in failure mode. A reduction in flexural strength was observed 
with increasing coating thickness (Table 4.27} except for coatings cured at room 
temperature which was attributed to the absence of a well defined ceramer interlayer. Due 
to the nature of the interlayers, the level of reduction in flexural strength with increasing 
amount of coating differed for each type ofinterlayer. 
For alt types of interlayers, the absence of DMES always increased the flexural modulus 
(Fig. 4.26a, Tables 4.26 and 4.27}. This increased further with curing at 400 •c. The 
DMES modification for the ceramer interlayers, on the other hand, reduced the flexural 
modulus. In any case, the reduction in flexural modulus was not substantial due to the 
. presence of relatively high modulus interlayers. 
Skourlis et. aJ.222 observed substantial reductions with increasing amount of coating (more 
than 50 %) both in flexural strength and flexural modulus for polyamide interlayered 
unidirectional carbon/ epoxy composites. In this study, the maximum reduction in flexural 
strength and flexural modulus was less than 30 %, confirming that the use of relatively 
strong polyimidel ceramer interlayers is more beneficial than low modulus interlayers 
studied previously. 
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The control specimens and those cured at 400 •c from 1 % solution of unmodified silica 
coated fibres failed in a brittle tensile fashion. The interlayered specimens exhibited tensile 
and mixed (tensile+delamination) type failures in a slightly ductile manner. In mixed type 
failures, the values of flexural strength were questionable as to whether they reflect the 
true flexural strength. Due to the partial delamination of interlayered specimens, there 
must be a contribution of the interlarninar shear strength component into the flexural 
strength. It is the presence of the interlayers that makes the flexural test specimens prone 
to delamination. 
5.11. SEM Observations on Fractured ILSS Specimens. 
The presence of shear hackles on fractured surfaces of "as received" and xylene washed 
glass fibre containing composites (Figures 4.27 and 4.28) were a sign of strong adhesion 
and of a strong natural affinity of epoxy matrix towards glass surfaces. 
For ceramer coated glass fibre composites, failure occurred mostly at the interface 
between the coating and matrix (Figures 4.33-4.36), suggesting that the level of adhesion 
at the interface between the fibre and interlayer is higher than at the interface between the 
interlayer and matrix. These coatings, therefore, do not delaminate easily from the fibre 
surface. One possible explanation could be that during the cure process, ceramer coatings 
shrink onto the glass fibres. This gives rise to compressive stresses at the interfaces which 
increases the interfacial shear strength through the increased friction. This is mechanical 
adhesion as a result of compressive interfacial forces. Superior chemical bonding at the 
glass/ ceramer interface can not be excluded, however, as a contributing factor. 
In composites made with coated fibres, the epoxy matrix evidently appears to contact 
another polymer which opens the possibility of diffusion across the interface. It may give 
both chemical linking and physical interlocking resulting in a strong bond between the 
ceramer interlayer and epoxy matrix, but not as good as that caused by eo-condensation 
reactions at the glass surface. 
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When 4% solution of75% skybond, 25% SiOz (DMES modified)ceramer coated glass 
fibres were incorporated into the composite without curing the ceramer interlayers, a 
distinctive ceramer interlayer did not form on the glass fibres. The fracture surfaces 
showed the presence of bare fibres (Fig. 4.32). In addition, the epoxy matrix exhibited a 
slightly ductile type fracture. Since the uncured ceramer solutions and the epoxy resin are 
miscible, an interdiffusion of polymer chains could occur when they come into contact. As 
a result, probably a certain level of cohesion occurs between coating and matrix and they 
behave as one entity. It was thought that this mixture resulted in a relatively ductile 
material as observed on the fracture surface compared to pure epoxy matrix. In fact a 
reduced Tg was observed in thermal expansion data for interlayered composites cured at 
room temperature. The reduced Tg may be the reason for the observed slight ductility on 
the fracture surface of interlayered composites cured at room temperature. 
5.12. Thermal Expansion Observations on Ceramer Interlayered Composites. 
· In fibre reinforced polymer composites the overall expansion is constrained along the fibre 
direction since the fibres have a lower coefficient of thermal expansion than the polymer 
matrix. This makes the fibre properties dominant in longitudinal direction. In the 
transverse direction the matrix is relatively free to expand since the matrix properties are 
dominant in this direction. 
When interlayers with different thermo-mechanical properties are introduced in the form 
of fibre coatings, the matrix is partially replaced by interlayers. This means a reduced 
matrix material and therefore the effect of matrix on the composite properties will be 
decreased. The resulting phase between the fibre and matrix in interlayered composites is 
normally expected to have the bulk material properties of the coating. Depending on the 
thermal expansion behaviour of the interlayer, the thermal expansion of the composite will 
either be restricted or promoted in the presence of an acceptable stress transfer from 
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matrix to fibres. As a result, the thermal expansion behaviour of composite can be 
governed even by the interlayer alone. 
Indeed, thermal expansion test results in this study clearly reflected the properties and the 
dominant behaviour of the interlayers within the composites. The CTE experiments 
indicated that incorporation of ceramer interlayers changed substantially the CTE 
behaviour, resulting in large reductions in the expansion of composites (Figures 4.37-
4.39). Below the glass transition temperature the CTE curves generally were very close to 
each other. The interlayers were more effective in reducing the CTE of composites at 
higher temperatures, especially above the Tg of epoxy matrix. The CTE of the control 
specimens increased sharply above the Tg of epoxy matrix whereas the CTE of ceramer 
interlayered composite specimens remained lower than the CTE of control specimens due 
to the high glass transition temperature of the ceramer interlayers. 
There is a strong correlation between the molecular structure/ microstructure and the 
thermal expansion coefficient (Figures 4.41-4.44). Since microstructure-property relations 
for ceramers with respect to the thermal expansion behaviour was already explained in 
detail in section 5.6, it will not be repeated here. 
It is worth noting, however, that there is a correlation between the storage modulus (E') 
and the thermal expansion behaviour. As already shown in section 4.11, the interlayered 
composites do not allow a sharp reduction of the storage modulus (E') at or above the Tg 
of epoxy matrix. Indeed, the storage modulus (E') remained relatively high in spite of the 
increasing temperatures above the Tg of the matrix material. According to Gruneisen114 
the stiffer the material, the lower the coefficient of thermal expansion. That is why the 
ceramer interlayers are able to suppress the overall expansion of composites. Nairn and 
Zolle~6 observed the same correlation between amorphous polysulfone and 
semicrystalline poly( ethylene terephthalate) employed as matrix materials within graphite 
reinforced composites. 
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Similarly, there is also a correlation between the interlaminar shear strength data at high 
temperatures and thermal expansion. The specimens with higher interlaminar shear 
strength values at elevated temperatures tended to have lower coefficient of thermal 
expansion values. 
As was the case for free films, the unmodified silica, whether as a pure silica interlayer or 
as the inorganic part of the ceramer interlayer, resulted in large reductions in the CTE of 
composites (Figures 4.40 and 4.46) with respect to modified type interlayered composites. 
Interestingly, the ceramer interlayers were able to reduce the CTE of specimens even in 
the fibre direction (Figures 4.49a and 4.49b). In this direction, normally the fibre 
dominates thermal expansion behaviour of composites. Since interlayers replace the matrix 
material next to the fibres, it was able to exert its influence on the much stiffer fibre. 
Therefore, it seems that the CTE of the composite becomes matrix/ interlayer dominated 
specially for the ceramer interlayers without DMES modification. 
When the amount of interlayers present within the composites is taken into account, the 
reduction in the CTE of composites is not proportional. The interlayer itself 
disproportionately masks the effect of epoxy matrix to a great extent. The matrix material 
which sits in the interstices of fibres can not play its role during thermal expansion 
proportionately to its volume. Furthermore, the effect of hydrophobic or hydrophilic 
character of ceramer interlayers must also be taken into account in thermal expansion 
measurements. 
5.13. Dynamic Mechanical Thermal Analysis Observations on Cera mer Interlayered 
Composites. 
Dynamic mechanical thermal analysis tests have the ability to precisely characterise the 
interfacial properties, and the contribution of the interface to the DMT A results can be 
isolated from the contributions of the matrix and fibre. The tan delta is a sensitive indicator 
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of all kinds of molecular motions that are taking place in a material. In a composite 
material, the molecular motions at the interfacial region generally contribute to the 
damping of the material in addition to those of the matrix and reinforcement. Any decrease 
in the strength of the fibre/ matrix bond should be reflected by an increase in the measured 
values of tan delta. 
At temperatures around the Tg of the matrix, the molecular chains have high mobility, and 
damping of the composites is due primarily to the matrix. Therefore, the damping should 
be simply related to the matrix content237• In this study, however, the polyimide ceramer 
interlayers nearly masked the effect of the matrix. Indeed, the DMTA experiments 
confirmed the existence of an interfacial layer which is different from the matrix. This 
higher Tg, high temperature resistant coating material decreased the molecular mobility at 
the interfacial region. This immobilised region did not contribute to the damping. The 
effect was more significant especially at temperatures above the Tg of epoxy matrix 
material. The employment of the shortest span in both testing directions enhanced the 
shear effect within the interfaces and this highlighted all the surface treatments that were 
present on the glass fibres. 
In the absence of specially applied interlayers, the increased matrix stiffness within the 
interphases could also decrease the molecular mobility leading to the reduction of the 
intensity of damping at glass transition. The stiffening of the interphase can take place, for 
example, by possible chemical modification of the network structure in epoxies (The 
adsorption of chain segments at the filler surface and interactions -hydrogen and other 
bondings between surface functional groups of fibre and matrix- can cause a reduction in 
the mobility at the interfacial region. )238 and by transcrystalline morphology in 
thermoplastics such as observed in polyetheretherketone-carbon fibre composites239• 
Moreover, internal residual stresses created during the cooling of composite and due to 
the differences between thermal expansion coefficients of the reinforcement and matrix can 
also induce a rigidification of interfacial zones. 
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Removal of sizings by xylene washing caused a reduction of about 8 % in the values of tan 
delta at the peak (Fig. 4.50). The tan delta w3:s also slightly lower than that of "as 
received" fibres for the rest of the testing temperature range. Gerard et. al.240 made similar 
observations on carbon fibre reinforced epoxy composites. They attributed this to the 
larger mobility at the interfacial region caused by creation of a less crosslinked interphase. 
This less crosslinked region could display a greater mobility in the vicinity of the glass 
transition of the matrix. 
Increased cure temperature for the coatings gave rise to decreased tan delta and increased 
storage modulus (E') for both types of polyimides and different coating thicknesses 
(Figures 4.5la,b and 4.52a,b) This was obviously due to decreased molecular mobility of 
interlayers within composites. Cobum and Pottiger41 attributed these effects to an 
increase in crystalline order/ orientation for free standing polyimide films. Although not 
presented here, the ceramer interlayered composites are expected to behave in a similar 
manner with increasing temperature. In this case the principal effect is believed to be the 
formation of a more substantial inorganic network through additional silicon-based 
condensation reactions which contribute to increased modulus. 
The higher modulus was obtained at a higher silica content. On the other hand, tan delta at 
the glass transition temperature decreased with increasing silica content (Fig: 4.53a,b). 
This is in agreement with previous workers (see section 2.10), and general finding is that 
an increase in filler content or a reduction in filler size gives rise to an increase in the 
dynamic modulus whereas the intensity at tan delta maximum decreases. For these 
samples, the broadening of the damping peak (which is the case for eo-continuous 
ceramers) was not observed with increasing silica content. This was due to the DMES 
modification of silica leading to a particulate structure which is more like a conventional 
composite. 
The absence of DMES caused a significant increase in the storage modulus of the 
composites with eo-continuous ceramer interlayers, especially above the glass transition 
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region of epoxy matrix (Fig. 4.54a,b). The increase in the modulus of the rubbery region is 
quite remarkable since conventionally filled comllosites do not show large increases in 
modulus in this region. Although the size of DMES modified silica particles within 
polyimide matrix is quite small (in micron or sub-micron range), the particulate type 
ceramer can still be regarded as a conventional composite when compared to the eo-
continuous type ceramer with nanometer sized domains. As already explained in previous 
sections, DMES confers flexibility to the silica particles and at higher temperatures the 
flexibility becomes more pronounced. 
Composites with eo-continuous type ceramer (without DMES modification) interlayers 
exhibited a broader tan delta peak and a lower tan delta peak values than those containing 
particulate type ceramer (DMES modified) interlayers ( 4.57b ). The reduction in the 
intensity at tan delta maximum is a strong evidence of the increased stiffness at the fibre/ 
matrix region. In composites stiffer materials tend to produce also a broader tan delta peak 
than the ductile materials242• The broadening of the damping peak is attributed to the good 
dispersion or enhanced mixing of constituents of ceramers243"244• The absence of a very 
clear tan delta peak or a broadened tan delta peak indicates the strong restriction in the 
movement of the polyimide chain, which arises from the higher strength of the chemical 
bond between the silica and the polyimide matrix. Broadening of the tan delta peak of 
ceramer interlayered composite specimens, therefore, suggests that the stiff ceramer 
interlayer is well confined at the interfacial region. 
Both types of composites, i.e. containing modified and unmodified ceramer interlayers 
displayed a shoulder (Fig. 4.57b) at temperatures above the main tan delta peak which was 
not observed with "as received", xylene washed, pure polyimide and pure silica 
interlayered systems. The shoulder was sharper for the DMES modified ceramer 
interlayered specimen. This indicates that there is an additional energy dissipation 
mechanism within the ceramer interlayers. 
220 
It is worth noting that DMES modified silica interlayered specimen had a lower storage 
modulus (E'), which is expected through a reducti~n in the density ofthe silica network 
When compared to the peak tan delta values for the pure epoxy matrix and for "as 
received" glass fibres containing composites, the loss portion of the tan delta of ceramer 
interlayered specimens exhibited an attenuation and broadening of the transition (Fig. 
4.56b). Obviously, the ceramer interlayers tend to mask the relative effect of the epoxy 
matrix. Indeed, the tan delta response nearly vanished for ceramer interlayered composites 
as a result of the increased interlaminar stiffness, as it can be implied from the similar 
behaviour exhibited by the free standing ceramer films. 
Such a dramatic drop in the peak tan delta, however, is somewhat puzzling, as was the 
case for thermal expansion values, in view of the very small amount of ceramer interlayers 
in the composites. This really proves that the interfacial region is the most crucial part of a 
composite. Ceramer interlayers replace the conventional relatively low strength glass/ 
epoxy interfacial region with a distinctly high temperature resistant rigid layer with limited 
molecular mobility. Since this strong layer stays unaffected within the normal service 
temperature range of glass fibre reinforced epoxy composites, their high temperature 
performance is expected to increase. 
In addition to the rigidity of the ceramer interlayer itself, the layer of epoxy that is in 
contact with the ceramer interlayer could have mechanical properties and or molecular 
mobility that are different from those of the bulk of the matrix material. The network 
structure of the epoxy material at the epoxy/ ceramer interface may have been modified 
through interactions with the ceramer interlayer. 
Thick ceramer interlayered composites exhibited a lower peak tan delta value than that of 
thin interlayered composites (Fig. 4.58). This again proves that the ceramer interlayers are 
fully responsive in the interfacial region. The height of the main tan delta peak decreases 
with increasing silica content in nanocomposites as well as in conventional composites due 
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to the increased modulus. Similarly, in ceramer interlayered composites, the increase in the 
amount of interlayer means added rigidity and improved high temperature resistance for 
composites. The height of the main tan delta peak is a relative measure of the amount of 
ceramer material operating at the interfacial region. The more the ceramer interlayer 
within the composite, the greater the rigidity of the composite. 
Testing of composite specimens in the transverse direction to the fibres was more effective 
than longitudinal testing in clearly differentiating among various coatings (Figures 4.59a,b) 
since the effect of reinforcing fibres diminish and the matrix becomes dominant in 
transverse direction. In the absence of strong interference from the reinforcing fibres, 
DMTA easily picks up subtle differences between various surface treatments. 
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CHAPTER6 
CONCLUSIONS 
From the results and discussion in the foregoing chapters, the following main conclusions 
can be drawn. 
1. The critical influence of variations in the microstructure of ceramer coatings on fibres 
comes from structural differences of the several polyamic acid and silica precursors and 
also from differences in the preparation and heat treatment conditions. 
2. A dip coating process is suitable to deposit a uniform coating of sol-gel derived 
ceramer solutions both on glass slides and glass fibres. The thickness of the coatings can 
be controlled by varying the concentration of coating solutions. 
3. Compression double lap shear tests, using thick knife glass slides is a useful method to 
quickly evaluate the mechanical performance for different coating formulations and also 
·for different treatments of glass slides. 
4. The interlaminar shear strength of interlayered composites is largely affected by the 
composition and microstructure of the fibre coatings. Si02 contents greater than 25 % in 
the ceramer interlayers decreases the interlaminar shear strength and associated ductility. 
5. The strength and ductility of ceramer interlayers can be improved by the modification of 
silica with the addition of a low functionality alkoxysilane ( dimethyldiethoxysilane ). These 
data are directly related to result from both tensile tests on free films and the double-lap 
compression tests with thick knife glass. 
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6. Priming glass slides and also ceramer coatings with an amine coupling agent increases 
the dry strength, which is attributed to the well-known reactivity of amine functional 
groups towards polyimides. · 
7. In the absence of a protective layer, both glass slides and glass fibres are sensitive to 
high temperature treatments. Ceramer coatings and coupling agent treatments can alleviate 
the adverse effects of high temperatures on glass substrates. 
8. Ceramer interlayers produce small increases it1 interlaminar shear strength and large 
increases in interlaminar shear ductility, over those of uncoated system, which were 
dependent on composition and curing conditions. 
9. Interlayers with a eo-continuous type morphology are effective in increasing both the 
static and dynamic modulus of composites, especially above the glass transition 
temperature. 
10. The short span of cantilever bending clamps in DMT A tests are very valuable for tests 
longitudinal and transverse to the fibre direction. Transverse direction tests are more 
effective, however, in detecting differences between various surface modifications. 
11. Substantial reductions in thermal expansion. of composites can be obtained with 
ceramer coatings with a eo-continuous type morphology. 
12. Interlayers with limited molecular mobility are effective especially for high temperature 
performance. This is clearly evidenced from tests such as ILSS, thermal expansion and 
DMTA 
It is remarkable that the presence of these ceramer interlayers in quantities less than 1.5 wt 
% of the composite can have such a large effect on the mechanicaV thermomechanical 
properties of resultant composites. 
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CHAPTER7 
RECOMMENDATIONS FOR FUTURE WORK 
The results obtained in this investigation warrant further evaluation of the merits of 
ceramer coated glass fibre composites both for improved mechanical and 
therrnomechanical properties. These include the following: 
1. Development of a purpose-built, electronically controlled, on-line coating, heating and 
winding process unit. The aim is to perform the coating, the in situ curing of the coatings 
and finally the winding of the coated fibres onto the frames with minimum human 
interaction. 
2. Performing coatings also on woven cloth glass fibres and evaluating the properties. 
3. Employing the high temperature silane coupling agents in the formulation of hybrid 
solutions with a view to retaining the effect of coupling at higher imidisation temperatures. 
For example, imide silanes that are hexagonal alkoxysilanes with aromatic groups in their 
structure are worth studying. 
4. Exploring further the morphology of coatings on glass fibres by atomic force 
microscopy and scanning tunnelling microscopy. This is very important since the changes 
in surface topography and the morphology of the interphase region are below the 
resolution of current SEMs. 
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APPENDIX 
STATISTICAL ANALYSIS OF SIGNIFICANCE OF DOUBLE LAP SHEAR 
TEST RESULTS THROUGH T-TEST 
The level of significance at which the null hypothesis is rejected, is usually specified as 5 
percent or 1 percent. If the calculated t (t,) is greater than the tabulated t (t,) value at the 
specified level of significance, the null hypothesis is rejected and it is concluded that the 
difference is significant. Null hypothesis is given as Ho: ll1-!ll=O. 
Ift.>t, reject Ho, ift,<t, do not reject Ho. 
T, is calculated using the following equation, 
when n,=n2=n, the above equation is simplified to 
L(x, -x,)> + L (xz -xz)> 
n(n-1) 
The tabulated values oft (t,) at some specified level of significance are given below: 
at 5 percent level of significance = 2.306 
at 1 percent level of significance = 3 .3 55 
at 0.1 percent level of significance= 5.041 
The calculated values oft (t,) are given below: 
For Table 4.1 the t, = 14.05 
For Table 4.2 the t, = 8.82, 17.86 
For Table 4.3 the t, = 2.96, 9.02 
For Table 4.4 the t, = 5.02 
For Table 4.5 the t, = 7.57, 18, 5.57 
For Table 4.6 the t, = 4.53, 3.79, 5.68, 5.41 
According to the above results the t, values, in any case, are greater than the t1. For most 
of the cases the difference is significant at the 0.1 percent level of significance. In other 
words, there is strong evidence to support the contention that all the parameters employed 
for shear strength specimens affect the resultant shear strength values. 
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